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Following the accident at the Fukushima plant, enhancing the accident tolerance 
of the light water reactor (LWR) fleet became a topic of serious discussion. Under the 
direction of congress, the DOE office of Nuclear Energy added accident tolerant fuel 
development as a primary component to the existing Advanced Fuels Program. The DOE 
defines accident tolerant fuels as fuels that “in comparison with the standard UO2-
Zircaloy system currently used by the nuclear industry, can tolerate loss of active cooling 
in the reactor core for a considerably longer time period (depending on the LWR system 
and accident scenario) while maintaining or improving the fuel performance during 
normal operations, operational transients, as well as design-basis and beyond design-basis 
events.” 
To be economically viable, proposed accident tolerant fuels and claddings should 
be backward compatible with LWR designs, provide significant operating cost 
improvements such as power uprates, increased fuel burnup, or increased cycle length. In 
terms of safety, an alternative fuel pellet must have resistance to water corrosion 
comparable to UO2, thermal conductivity equal to or larger than that of UO2, and a 
melting temperature that allows the material to remain solid under power reactor 
conditions.  Among the candidates, U3Si2 has a number of advantageous thermophysical 





high melting temperature. These properties support its use as an accident tolerant fuel 
while its high uranium density is capable of supporting uprates to the LWR fleet. 
This research characterizes U3Si2 pellets and analyzes U3Si2 under light water 
reactor conditions using the fuel performance code BISON.  While some thermophysical 
properties for U3Si2 have been found in the literature, the irradiation behavior is sparse 
and limited to experience with dispersion fuels.  Accordingly, the creep behavior for 
U3Si2 has been unknown, making it difficult to predict fuel-cladding mechanical 
behavior.  This information is essential for designing accident tolerant fuel systems where 
ceramic claddings, like silicon carbide (SiC) are proposed.  This research provides a 
model for both the thermal and irradiation creep behavior for U3Si2.  
This body of research is comprised of both experimental and modeling 
components.  Characterization of the fuel microstructure includes; optical microscopy 
with pore and grain size analysis, helium pycnometry for density determination, mercury 
intrusion porosimetry, compositional analysis in the form of XRD, second phase 
identification using EDX, electrical resistance measurement via four point probe, 
determination of hardness and toughness through Vickers indentation testing, and 
determination of elastic properties using the impulse excitation method.  Post-sintering 
grain size data allowed for the determination of grain boundary activation energy and 
diffusion coefficients, which were used to develop creep models. This was extended to 
lattice and irradiation enhanced diffusion in order to develop a U3Si2 creep model over 
thermal and irradiation creep regimes.  In addition to the creep model, thermal and 
swelling behavior models for U3Si2 were implemented into the BISON fuel performance 





typical light water reactor conditions with advanced SiC ceramic cladding.  Simulation 
results show that fuel creep relieves stress in the ceramic cladding and postpones the 
moment of fuel-clad contact. However, the stress reduction to the cladding is minimal 
because the fuel creep rate is low while the swelling rate is high.  Future work should 
include the investigation of monolithic U3Si2 irradiation swelling since the current model 
relies upon the swelling data of U3Si2 particles in a metallic dispersion fuel.  
Additionally, planned thermal creep testing at the University of South Carolina can 





 TABLE OF CONTENTS 
Acknowledgements ........................................................................................................... iii 
 
Abstract ............................................................................................................................... iv 
 
List of Tables ....................................................................................................................... x 
 
List of Figures ................................................................................................................... xiv 
 
Chapter 1: Introduction ........................................................................................................ 1 
 
1.1 Advanced Fuels Motivation .................................................................................. 1 
 
1.2 Research Objective ................................................................................................ 7 
 
Chapter 2: Review of Literature .......................................................................................... 9 
 
2.1 Review of U3Si2 ................................................................................................... 10 
 
2.2 Advanced Ceramic Cladding ............................................................................... 44 
 
2.3 Pellet Cladding Mechanical Interaction .............................................................. 45 
 
2.4 Microstructural Dependence on Creep ................................................................ 46 
 
Chapter 3: Methodology .................................................................................................... 50 
 
3.1 Fuel Microstructural Analysis and Characterization ........................................... 50 
 
3.2 Development of U3Si2 Creep Strain Rate Model ................................................ 51 
 
3.3 BISON Fuel Performance Code .......................................................................... 52 
 
Chapter 4: Preliminary BISON Modeling Results: ........................................................... 58 
 






4.2 Preliminary Results of Modeling U3Si2 Fuel System in BISON ......................... 60 
 
4.3 Decay Heat Leading to Increase in Fuel Temperature Calculation ..................... 74 
 
Chapter 5: Characterization of U3Si2 samples ................................................................... 79 
 
5.1 Introduction: ........................................................................................................ 79 
 
5.2 U3Si2 Samples .................................................................................................... 79 
 
5.3 Sample Preparation: ............................................................................................. 82 
 
5.4 Grain Size Analysis: ............................................................................................ 83 
 
5.5 Porosity Analysis: ................................................................................................ 95 
 
5.6 XRD & Second Phase Analysis: ....................................................................... 114 
 
5.7 Elastic Properties: .............................................................................................. 127 
 
5.8 Electrical Resistivity Measurement: .................................................................. 138 
 
5.9 Mechanical Properties: ...................................................................................... 146 
 
5.10 Microstructural Discussion .............................................................................. 165 
 
Chapter 6: Development of U3Si2 Creep Model .............................................................. 167 
 
6.1 Introduction ....................................................................................................... 167 
 
6.2 Determining Grain Boundary Diffusion Coefficient From Grain Growth ........ 167 
 
6.3 Determination of Grain Boundary Activation Energy from Sintering Data ..... 170 
 
6.4 Application to Experimental U3Si2 sintering data ............................................. 174 
 
6.5 Solve for Generalized Grain Boundary Diffusion using Activation Energy ..... 175 
 
6.6 Estimation of Bulk Diffusion from Grain Boundary Diffusion ........................ 177 
 
6.7 U3Si2 Creep Model & Creep Regimes ............................................................... 180 
 






7.1 Introduction ....................................................................................................... 190 
 
7.2 U3Si2 Creep Model Implementation In BISON ................................................. 193 
 
7.3 Comparison of Results: U3Si2 Creep Model & No-Creep ................................. 196 
 
Chapter 8: Assessment of U3Si2 ...................................................................................... 217 
 
8.1 Thermochemical Stability of U3Si2 with SiC, O2, and Other Materials ............ 217 
 
8.2 Decay Heat Leading to Increase in Fuel Temperature Calculation ................... 220 
 
8.3 RIA Simulations for U3Si2 ................................................................................. 224 
 
8.4 Fabrication and Handling Concerns .................................................................. 226 
 
8.5 In-Reactor Performance Considerations ............................................................ 227 
 
8.6 Suggested future work ....................................................................................... 230 
 
Chapter 9: Conclusions .................................................................................................... 233 
 
References ....................................................................................................................... 237 
 
Appendix A: Young’s Modulus vs. Density [Taylor, 1961] ........................................... 245 
 
Appendix B: U3Si2 GBE using homologous relationships ............................................ 246 
 





LIST OF TABLES 
Table 2.1: Selected properties of UO2, UC, UN, and U3Si2  [Todreas,1993] .................... 20 
 
Table 2.2 Taylor and McMurtry Rupture Tests for U3Si2 [Taylor, 1960] ......................... 29 
 
Table 3.1:  Governing Equations in BISON [Williamson, 2012]. .................................... 53 
 
Table 3.2 Gap Conductance Model in BISON [Williamson, 2013]. ................................. 54 
 
Table 3.3:  UO2 Fuel behavior models [Williamson, 2012]. ............................................. 55 
 
Table 4.1: Input Parameters for the axisymmetric problem .............................................. 63 
 
Table 5.1: Sample dimensions ........................................................................................... 81 
 
Table 5.2: Sintering details and conditions ....................................................................... 81 
 
Table 5.3:  Summary of characterization and testing performed on each U3Si2 sample ... 82 
 
Table 5.4:  Etching time details for U3Si2 pellets .............................................................. 86 
 
Table 5.5:  Average Grain Size Measurements for Pellet A ............................................. 92 
 
Table 5.6 Average Grain Size Measurements for Pellet B ................................................ 92 
 
Table 5.7:  Average Grain Size Measurements for Pellet C .............................................. 93 
 
Table 5.8:  Average Grain Size Measurements for Tile Sample ....................................... 93 
 
Table 5.9:  Average Grain Size Measurements for Creep Pellet ....................................... 94 
 
Table 5.10: Pellet A- Statistics of Measured Pores ........................................................... 99 
 
Table 5.11: Pellet A- Calculated Area Fraction of Pores .................................................. 99 
 
Table 5.12: Pellet B- Statistics of Measured Pores ......................................................... 101 
 





Table 5.14: Pellet C- Statistics of Measured Pores ......................................................... 103 
 
Table 5.15: Pellet C- Calculated Area Fraction of Pores ................................................ 103 
 
Table 5.16: Tile Sample- Statistics of Measured Pores ................................................... 105 
 
Table 5.17: Sample 4 -Calculated Area Fraction of Pores .............................................. 105 
 
Table 5.18: Creep Pellet 1- Statistics of Measured Pores ............................................... 107 
 
Table 5.19: Creep Pellet 1- Calculated Area Fraction of Pores ....................................... 107 
 
Table 5.20:  Volume each pellet using gas displacement technique ............................... 108 
 
Table 5.21:  Density of Pellets ........................................................................................ 108 
 
Table 5.22: Porosity Calculation Details (Normalized Mercury) .................................... 113 
 
Table 5.23:  Porosity Calculation Details (Weight Gained in Mercury) ......................... 114 
 
Table 5.24:  U-Si Compounds ......................................................................................... 116 
 
Table 5.25: U-O-Si Compounds ...................................................................................... 117 
 
Table 5.26: EDX composition results for the four regions shown in Figure 5.23. ......... 119 
 
Table 5.27: EDX composition results for the three regions shown in Figure 26. ........... 121 
 
Table 5.28: EDX composition results for the three regions shown in Figure 5.29. ........ 123 
 
Table 5.29: EDX composition results for the three regions shown in Figure 5.32. ........ 126 
 
Table 5.30: Summary of Second Phases ......................................................................... 127 
 
Table 5.31: U3Si2 tile specimen geometry ....................................................................... 128 
 
Table 5.32: Elastic Properties of U3Si2 ............................................................................ 131 
 
Table 5.33: Elastic Properties of U3Si2 as determined from impulse excitation 
—updated Young’s Modulus .......................................................................................... 132 
 
Table 5.34:  Poisson Ratio for different density U3Si2 specimens. ................................ 134 
 
Table 5.35:  Values used to calculate correction factor ................................................... 136 
 





Table 5.37: Dimensions used to calculate resistivity correction factors 
in U3Si2 samples. .............................................................................................................. 142 
 
Table 5:38:  Correction factors for sample thickness and finite width in  
U3Si2 samples. .................................................................................................................. 142 
 
Table 5.39:  Voltage across surface of samples .............................................................. 143 
 
Table 5.40: U3Si2 Resistivity Results .............................................................................. 143 
 
Table 5.41:  Hardness calibration using standard reference material .............................. 148 
 
Table 5.42:  SiC Hardness and Toughness from Vickers Indentation  
(load held 10 sec) ............................................................................................................. 150 
 
Table 5.43:  U3Si2 Young’s Modulus for %TD ............................................................... 154 
 
Table 5.44:  Data for U3Si2 Samples-Outliers Removed ................................................. 156 
 
Table 5.45: EDX composition results for the three regions shown in Figure 5.58. ........ 161 
 
Table 5.46: EDX composition results for the four regions shown in Figure 5.59. ......... 162 
 
Table 5.47: EDX composition results for the three regions shown in Figure 5.60. ........ 163 
 
Table 5.48: EDX composition results for the three regions shown in Figure 5.61. ........ 164 
 
Table 6.1: Sintering Data for U3Si2 ................................................................................. 171 
 
Table 6.2: Values used in grain growth equation ............................................................ 175 
 
Table 6.3: Grain boundary diffusion coefficients for U3Si2 pellets ................................. 176 
 
Table 6.4: Generalized grain boundary diffusion equation for U3Si2  
pellets (Qgb derived from sintering data) ......................................................................... 176 
 
Table 6.5: Generalized grain boundary diffusion equation for U3Si2  
pellets (Qgb obtained from Noordhoek DFT Analysis) ................................................... 176 
 
Table 7.1:  Geometry of U3Si2/ SiC Problem .................................................................. 192 
 
Table 7.2: Input Parameters for the axisymmetric problem ............................................ 193 
 
Table 8.1:  Temperature rise assuming all decay heat is transferred to  






Table B.1: Grain boundary energies and melting temperatures 
for various materials ........................................................................................................ 246 
 
Table C.1: Values used in grain growth equation ........................................................... 248 
 






LIST OF FIGURES 
Figure 1.1: TMI Core Unit 2. [Associated Press, 1983] ...................................................... 2 
 
Figure 1.2:  Reactor buildings 3 and 4 after hydrogen explosions at  
Fukushima Daiichi nuclear power plant. [Reuters, 2011]. .................................................. 3 
 
Figure 2.1: U-Si phase diagram [Shimizu 1965] ............................................................... 11 
 
Figure 2.2 Tetragonal crystal structure. ............................................................................. 12 
 
Figure 2.2: U & Si compact prior to arc melting. [Harp, 2013] ........................................ 16 
 
Figure 2.3: Arc melted U3Si2 [Harp, 2013] ....................................................................... 17 
 
Figure 2.4:  SEM Micrograph of arc melted uranium silicide [Harp, 2013] ..................... 18 
 
Figure 2.5: Thermal Conductivity of U3Si2, as noted in Shimizu report [Shimizu,1965]. 23 
 
Figure 2.6: Comparison of LANL and Shimizu temperature-dependent thermal 
conductivity values for U3Si2 ............................................................................................ 26 
 
Figure 2.7: Thermal conductivity as a function of temperature; blue line 
indicates the relationship determined by LANL, red is the user-defined 
relationship (red) [Shimizu, 1965]. ................................................................................... 27 
 
Figure 2.8: Comparison of oxidation in synthetic air for U3Si2, U3Si5,  
UO2 and UN. (Oxidation data is expressed in terms of conversion to  
U3O8) [Nelson, 2014]. ....................................................................................................... 32 
 
Figure 2.9:  Temperature dependence of the 1.5 MeV Kr ion dose for complete 
amorphization in the sample. [Birtcher, 1996] .................................................................. 34 
 
Figure 2.10:  Volume fraction of crystalline U3Si2 determined from its  
scattering strength relative to that from the Vanadium specimen container. 







Figure 2.11: Lattice parameter changes resulting from neutron irradiation 
at room temperature. [Birtcher] ......................................................................................... 36 
 
Figure 2.12: Change in the unit cell volume of crystalline U3Si2 as a function  
of the volume fraction of amorphous material.  [Birtcher] ............................................... 37 
 
Figure 2.13: a) Fission gas bubble morphology in U3Si (73%  
burn-up, 4.3x1021 f/cm3). b) Fission gas bubble morphology  
in U3Si2 (96% burn-up, 5.2x1021 f/cm3). [Finlay, 2004] ................................................... 38 
 
Figure 2.14 Fuel Particle volume swelling as a function of  
fission density in the fuel [Rest, 1994]. ............................................................................. 39 
 
Figure 2.15:  Finlay et al. proposed swelling behavior for U3Si2  
fuel particles from selected ORR mini-plates [Finaly, 2004]. ........................................... 41 
 
Figure 2.16:  Fuel Particle Swelling as a function of fission density.   
The fuel particle swelling is calculated from the miniplate swelling.  
[Finlay, 2004] .................................................................................................................... 42 
 
Figure 2.17: Fuel Swelling as a function of burnup (MWD/MTU). ................................. 43 
 
Figure 2.18.  Three creep rate regimes as a function of time [Creep Curve, 2010]. ......... 47 
 
Figure 4.1 Pellet mesh for example problem ..................................................................... 62 
 
Figure 4.2: Power history for the example problem .......................................................... 63 
 
Figure 4.3 Comparison of UO2 and U3Si2: temperatures given for  
the axial midpoint along the fuel centerline, fuel outer surface, and  
interior surface of the cladding .......................................................................................... 64 
 
Figure 4.4: Comparison of UO2 and U3Si2 swelling and densification  
volumetric fuel strain contributions. .................................................................................. 66 
 
Figure 4.5: Comparison of UO2 and U3Si2: percentage of fission gas that is released. .. 67 
 
Figure 4.6: Displacement in the fuel (measured from node on outer 
diameter) and cladding (measured from node on inner surface of cladding). ................... 68 
 
Figure 4.7: von Mises stress in the clad is shown for each example problem. ................. 70 
 
Figure 4.8: Hoop stress in the clad is shown for each example problem. ......................... 70 
 
Figure 4.9: The maximum centerline temperature and time of fuel-clad  





Figure 5.1: (Left to Right) Pellet A, B, and C, U3Si2 tile, and creep pellet. ...................... 81 
 
Figure 5.2:  Feedstock particle size distributions for U3Si2 samples.   
Tile samples and creep pellet samples were made using the same  
feedstock as that of Pellet C. ............................................................................................. 82 
 
Figure 5.3: Micrograph of Pellet A at 1000x magnification. (etched 22.5 minutes) ........ 87 
 
Figure 5.4: Micrograph of Pellet B at 1000x magnification. (etched 34.5 minutes) ......... 88 
 
Figure 5.5: Micrograph of Pellet C at 1000x magnification. (etched 19 minutes) ............ 89 
 
Figure 5.6: Micrograph of Tile Sample at 500x magnification. (Incremental  
etching times were increased so total etch time was reduced to12 minutes) .................... 90 
 
Figure 5.7: Micrograph of Creep Pellet at 1000x magnification. (Incremental 
etching times were increased so that the total etch time was reduced to10 minutes) ........ 91 
 
Figure 5.8:  Selected pore set from pellet A (1000X magnification; 
10µm scale). Pores analyzed are shown in red. ................................................................. 98 
 
Figure 5.9: Pellet A Histogram- distribution of average pore diameters .......................... 99 
 
Figure 5.10: Selected pore set from pellet B (1000X magnification; 
10µm scale). Pores analyzed are shown in red. ............................................................... 100 
 
Figure 5.11: Pellet B Histogram- distribution of average pore diameters ....................... 101 
 
Figure 5.12: Selected pore set from Pellet C (1000X magnification; 
10µm scale). Pores analyzed are shown in red. ............................................................... 102 
 
Figure 5.13: Pellet C Histogram- distribution of average pore diameters ....................... 103 
 
Figure 5.14: Selected pore set from Tile Sample, (1000x magnification; 
20µm scale). Pores analyzed are shown in red. ............................................................... 104 
 
Figure 5.15: Tile Sample Histogram- distribution of average pore diameters ................ 105 
 
Figure 5.16: Selected pore set from creep pellet 1 (500x magnification; 
50µm scale). Pores analyzed are shown in red. ............................................................... 106 
 
Figure 5.17: Creep Pellet 1 Histogram- distribution of average pore diameters ............. 107 
 
Figure 5.18: Pore Size Histogram ................................................................................... 113 
 





Figure 5.20: Overlay of U3Si2 peak spectrum over the spectrum of pellet C. ................. 115 
 
Figure 5.21:  Pellet A---SE image (3120 magnification) ................................................ 117 
 
Figure 5.22: Pellet A---BSE image (x3120 magnification) ............................................. 118 
 
Figure 5.23:  EDX was performed on four regions of Pellet A ....................................... 118 
 
Figure 5.24:  Pellet B---SE image (x2510 magnification) .............................................. 119 
 
Figure 5.25: Pellet B---BSE image (x2510 magnification) ............................................. 120 
 
Figure 5.26:  EDX was performed on six regions of Pellet B. ........................................ 120 
 
Figure 5.27:  Pellet C--SE image of pellet (x3740 magnification) .................................. 122 
 
Figure 5.28: Pellet C--BSE image (x3740 magnification) .............................................. 122 
 
Figure 5.29:  EDX was performed on six regions in Pellet C. ........................................ 123 
 
Figure 5.30:  Tile--SE image (x2650 magnification) ...................................................... 124 
 
Figure 5.31: Tile--BSE image ( x2650 magnification) ................................................... 125 
 
Figure 5.32:  EDX was performed on four regions of the Tile sample. .......................... 125 
 
Figure 5.33: U3Si2 tile specimen ...................................................................................... 128 
 
Figure 5.34: Position of tile sample relative to support wires, impulse 
(hammer tap), and microphone for measuring torsional frequency ................................ 129 
 
Figure 5.35:  Position of tile sample relative to support wires, impulse 
(hammer tap), and microphone for measuring flexural frequency. ................................. 129 
 
Figure 5.36:  Young’s Modulus and Shear Modulus as determined  
by impulse excitation technique.  Data points are for 80 individual  
tests in both torsional and flexural modes. ...................................................................... 131 
 
Figure 5.37:  Variation of Young’s Modulus with Density. 
Taken from Taylor-McMurtry annual report [Taylor 1961]. .......................................... 133 
 
Figure 5.38:  Variation of Shear Modulus with Density. 
Taken from Taylor-McMurtry annual report [Taylor 1961]. .......................................... 134 
 






Figure 5.40: Four point probe setup. ............................................................................... 139 
 
Figure 5.41: Table 1 from Smits 1958 “Measurement of Sheet Resistivities 
with the four-point probe.” .............................................................................................. 140 
 
Figure 5.42:  Resistivity of U3Si2 samples--Literature values shown in red. .................. 144 
 
Figure 5.43:  Resistivity of U3Si2 samples as a function of % porosity. ......................... 145 
 
Figure 5.45:  Calibration indentions 1, 2 and 3 (left to right). ........................................ 148 
 
Figure 5.46: Indentions 1-8 in SiC sample ...................................................................... 149 
 
Figure 5.47:  Indentations in Pellet A. Indents 1 through 4 (9.8 N);  
5 through 8 (4.9 N); 9 through 12 (2.9 N) ....................................................................... 151 
 
Figure 5.48: Indentations in Pellet B. Indents 1 through 4 (9.8 N);  
5 through 8 (4.9 N) 9 through 12 (2.9 N) ........................................................................ 151 
 
Figure 5.49: Indentations in Pellet C. Indents 1 through 4 (9.8 N);  
5 through 8 (4.9 N); 9 through 13 (2.9 N) ....................................................................... 152 
 
Figure 5.50: Indentations in Tile Sample. Indents 1 through 3 (9.8 N);  
4 through 8 (4.9N); 9 through 12 (2.9 N) ........................................................................ 153 
 
Figure 5.51: Hardness Results for U3Si2 (MPa) .............................................................. 155 
 
Figure 5.52: Toughness Results for U3Si2 (MPa√m) (Calculated using  
Taylor-McMurtry Young’s Modulus Data) ..................................................................... 155 
 
Figure 5.53: Toughness Results for U3Si2 (MPa√m) (Calculated using  
USC Young’s Modulus Data) ......................................................................................... 156 
 
Figure 5.54: Polarized Light Image of Pellet A, indent #2 (9.8 N for 10 s) .................... 158 
 
Figure 5.55: Polarized Light Image of Pellet B, indent #3 (9.8 N for 10 s) .................... 159 
 
Figure 5.56: Polarized Light Image of Pellet C, indent #7 (4.9 N for 10 s) .................... 159 
 
Figure 5.57: Polarized Light Image of Tile, indent #12 (2.9 N for 10 s) ........................ 160 
 
Figure 5.58: EDX was performed on 3 regions of Pellet A at Indent #1 (9.4 N, 10 s) ... 161 
 
Figure 5.59: EDX was performed on 4 regions of Pellet B at Indent #10 (2.9 N,10s) ... 162 
 






Figure 5.61: EDX was performed on 4 of the Tile Sample at Indent #10 (2.9 N, 10s) ... 164 
 
Figure 6.1: Plot of grain growth data shows ln(d2xT) vs (1/T). ...................................... 171 
 
Figure 6.2: Normalized self-diffusion activation energies for classes of  
materials [Porter, 1992]. .................................................................................................. 173 
 
Figure 6.3. Self-diffusion coefficients in single and polycrystal silver ........................... 178 
 
Figure 6.4: Creep strain data for UC and UO2 vs. 1/T [Clough, 1977] ........................... 181 
 
Figure 6.5: Log plot of diffusion in U3Si2 across temperature. ...................................... 182 
 
Figure 6.6: Generalized Ashby-type creep regime map [Langdon, 1978] ...................... 185 
 
Figure 6.7: U3Si2 Creep regime flow chart. ..................................................................... 189 
 
Figure 7.1: Power history for the example problem ........................................................ 193 
 
Figure 7.2: U3Si2 Creep Strain rate vs. Inverse Temperature. ......................................... 195 
 
Figure 7.3: Location of elements and nodes used in plotting global and nodal  
variables over burnup. ..................................................................................................... 197 
 
Figure 7.4: Enhanced view of elements used in analysis. ............................................... 198 
 
Figure 7.5: Displacement in the fuel (measured from node on outer diameter) &  
cladding (measured from node on inner surface of cladding). ........................................ 199 
 
Figure 7.6: Comparison of temperatures in the U3Si2 Creep and No-Creep  
Problems: temperatures given for the axial midpoint along the fuel centerline,  
fuel outer surface, & interior surface of the cladding. ..................................................... 200 
 
Figure 7.7: Fuel temperature in the creep model relative to 0.45 Tmelt. .......................... 201 
 
Figure 7.8: Comparison of von Mises stress in the U3Si2 Creep and No-Creep  
Problems: stresses are measured at the axial midpoint along the fuel centerline, 
fuel outer surface, and interior surface of the cladding. .................................................. 202 
 
Figure 7.9: Relative Stress (σ/G) in the fuel.  This value determines whether  
the fuel will creep through grain boundary or dislocation creep in the thermal 
creep regime. ................................................................................................................... 203 
 






Figure 7.11: Comparison of radial stress in the U3Si2 Creep and No-Creep  
Problems: stresses are measured at the axial midpoint along the fuel centerline,  
fuel outer surface, and interior surface of the cladding. .................................................. 204 
 
Figure 7.12: Comparison of axial stress in the U3Si2 Creep and No-Creep  
Problems: stresses are measured at the axial midpoint along the fuel centerline,  
fuel outer surface, and interior surface of the cladding. .................................................. 205 
 
Figure 7.13: Comparison of hoop stress in the U3Si2 Creep and No-Creep  
Problems: stresses are measured at the axial midpoint along the fuel centerline, 
fuel outer surface, and interior surface of the cladding. .................................................. 206 
 
Figure 7.14: Radial elements along fuel radius ............................................................... 207 
 
Figure 7.15: Hoop Stress at various positions across  the fuel radius. ............................ 208 
 
Figure 7.16: Swelling Strain at various positions across the fuel radius. ........................ 209 
 
Figure 7.17: Swelling strain across the pellet radius with the RPF removed. ................. 210 
 
Figure 7.18: Swelling strain across the pellet radius with the RPF removed. ................. 211 
 
Figure 7.19: Hoop Stress in the creep problem in the absence of irradiation  
swelling. The data is plotted for various positions across the fuel radius. ...................... 212 
 
Figure 7.20:  Volume-Averaged hoop Stress in the creep problem— 
comparison between DFT-based diffusion data and sintering-based diffusion data. ...... 215 
 
Figure 8.1: Centerline temperature of U3Si2 fuel as a function of time  
(pulse of power applied at 100 s). ................................................................................... 225 
 
Figure 8.2:  Total hoop strain (%) in the FeCrAl Cladding as a function of time  
resulting from a pulse of power applied at 100 seconds. ................................................ 226 
 
Figure 8.2:  U/Si content as a function of 235U burnup. (U/Si=1.5 is U3Si2) ................... 229 
 
Figure A.1: Young’s Modulus vs. Density [Taylor, 1961] ............................................. 245 
 







1.1 ADVANCED FUELS MOTIVATION  
Loss of heat removal was central to the severe nuclear accidents at Three Mile 
Island in 1979 and Fukushima Daiichi in 2011. Both accidents ultimately resulted in fuel 
failure, exacerbated by the oxidation reaction of the Zircaloy cladding in a steam 
environment.   
The accident at Three Mile Island occurred within reactor Unit 2, a PWR design 
from Babcock and Wilcox, which utilized a UO2-Zircaloy fuel system. The accident 
occurred while the reactor was operating at 100 percent power, when the main feedwater 
pumps stopped operating.  This prohibited steam generators from removing heat and 
increased the pressure within the primary system.  As a result, the pilot operated pressure 
relief valve opened.  The valve should have closed when the pressure returned to a stable 
level; instead, the valve remained in the open position for nearly two hours, allowing 
water and steam to flow out of the reactor and into the basement of the reactor building. 
Ultimately, much of the coolant inventory was lost.  Without a means of cooling, the 
temperature continued to increase in the core and caused the fuel to overheat.   Steam 
interaction with the zirconium cladding led to clad rupture. Ultimately, half of the core 




there was not a sufficient amount of oxygen in the reactor pressure vessel in order to 
cause a hydrogen explosion; workers had already managed to reduce the size of the 
hydrogen bubble [NRC, 2009].   
 
 
Figure 1.1: TMI Core Unit 2. [Associated Press, 1983] 
 
The Fukushima Daiichi nuclear power plant’s secondary containment was not as 
lucky as Three Mile Island in thwarting a hydrogen explosion.  On March 11, 2011, a 9.0 
earthquake on the Richter scale occurred 112 miles off the coast of Japan, which caused a 
loss of off-site electrical power to the site.  Emergency diesel generators automatically 
started to provide power to the emergency systems.  However, forty-one minutes after the 
earthquake, the first of seven tsunamis hit the site. The largest tsunami, estimated at 49 




cooling of reactors, the decay heat built up in the three operating reactors. Although 
employees attempted to use car batteries and other devices to maintain power systems, 
they eventually stopped working as well. Hydrogen was generated from the reaction of 
the overheated fuel cladding and the steam.   The hydrogen accumulated in the reactor 
building and ignited which caused explosions in units 1 and 3.  The hydrogen in unit 3 is 
believed to have migrated into the unit 4 reactor building and caused the subsequent 




Figure 1.2:  Reactor buildings 3 and 4 after hydrogen explosions at Fukushima Daiichi 
nuclear power plant. [Reuters, 2011]. 
 
The two accidents at Three Mile Island and Fukushima Daiichi highlighted some 
of the undesirable performance characteristics of the standard fuel system during severe 
accidents. In addition to the need for a cladding with improved oxidation behavior, the 




It is recognized that the sustainability of the current Light Water Reactor (LWR) fleet is 
dependent upon its ability to maintain safe and economic operation through continual 
improvement of technology and performance.  Prior to the accident at Fukushima, the 
Department of Energy (DOE) sought to improve the performance of LWRs by extending 
reactors beyond their initially licensed lifetime.  A roadmap for the life extension of these 
reactors was created and initiated research and development (R&D) tasks centered on the 
investigation of advanced LWR fuels with improved performance.  Fuels were proposed 
with higher burnups for waste minimization, increased power density for power uprates, 
and increased fuel reliability.  Following the accident at the Fukushima plant, enhancing 
the accident tolerance of the LWR fleet became a topic of serious discussion [Bragg-
Sitton, 2014]. Under the direction of congress, the DOE office of Nuclear Energy 
initiated accident tolerant fuel development as a primary component of the existing 
Advanced Fuels Program. The DOE defines enhanced accident tolerance fuels as fuels 
that “in comparison with the standard UO2-Zircaloy system currently used by the nuclear 
industry, can tolerate loss of active cooling in the reactor core for a considerably longer 
time period (depending on the LWR system and accident scenario) while maintaining or 
improving the fuel performance during normal operations, operational transients, as well 
as design-basis and beyond design-basis events”  [Goldner, 2012].  To be economically 
viable, proposed fuels and claddings must be backward compatible with LWR designs.  
Additionally to offset fuel development and licensing costs, proposed enhanced accident 
tolerance fuel must also provide significant operating cost improvements such as power 
uprates, increased fuel burnup, or increased cycle length if they are to be commercially 




First and foremost, an ideal candidate fuel must guarantee a safety margin more 
competitive than existing UO2.  In terms of safety, the alternative fuel pellet must have a 
resistance to water corrosion comparable to UO2, a thermal conductivity equal to or 
larger than uranium dioxide, and a melting temperature that allows the material to remain 
solid under power reactor conditions [INPO, 2011].  As part of a Collaborative Research 
and Development Agreement (CRDA) with industry and Nuclear Engineering University 
Programs (NEUP) grants, Idaho National Laboratory and university collaborators are 
studying silicide and nitride uranium compounds for use as enhanced accident tolerant 
fuels.  Uranium Nitride (UN) has a higher density and thermal conductivity than UO2 but 
decomposes when it reacts with hot water.  In terms of accident tolerance, this would 
seem to make UN an unlikely candidate; however, researchers are developing UN fuels, 
fully encapsulated by USix (e.g.U3Si2) to increase the overall oxidation resistance of the 
fuel [Lessing, 2012].  U3Si2 has a number of advantageous thermophysical properties 
which support its use as an accident tolerant fuel in its own right, including: high density 
(12.2 g/cm3, 11.3 gU/cm3), high thermal conductivity at room temperature (15 W/mK), 
and a high melting temperature (1665°C) [Samoilov, 1968 & Frost, 1994].  Because of its 
high thermal conductivity, U3Si2 operates at a much lower temperature and experiences 
lower thermal gradients than UO2. As a result, it is subject to lower thermal stresses, 
which should mitigate pellet cracking. Unfortunately, U3Si2’s irradiation behavior is not 
well understood, with much of the data available limited to experiments relating to 
dispersion fuels.   While the fission gas release behavior is unknown and may perform 




encouraging and indicate that U3Si2 exhibits extremely high swelling rates when 
compared to UO2.   
In addition to alternative fuel materials, several advanced cladding materials are 
also proposed as part of the enhanced accident tolerance fuel system.  These materials’ 
primary aim is to improve the oxidation resistance of the cladding.  Lower oxidation rates 
will decrease the amount of time before full cladding oxidation occurs and decrease the 
amount of hydrogen generated in the system.  These outcomes will allow operators more 
time to respond and reinstate core cooling in the event of a loss of coolant accident 
(LOCA).  One of the improved performance claddings currently proposed utilizes the 
current Zircaloy material but includes a thin coating of either a titanium or stainless steel 
alloy on the surface [Westinghouse Electric, 2014].  The coating is intended to increase 
the resistance of Zircaloy cladding to oxidation in high temperature steam environments.  
Because of the only slight change in design and material, this is seen as a near term 
solution.  Another, more drastic approach, is gaining even greater notoriety within the 
research community.  A ceramic cladding known as silicon carbide (SiC) offers excellent 
oxidation resistance to high temperatures [Katoh, 2011].  Additionally, SiC fiber-
reinforced SiC matrix composites (SiCf/SiC) exhibit improved mechanical behavior and 
irradiation tolerance, owed in part to the fibers’ ability to deflect localized strains [Kim, 
2013].  However, unlike metallic alloy claddings, ceramic claddings like SiC do not 
deform plastically and are therefore unyielding in cases of fuel-cladding contact.  The 
brittle nature of SiC requires that the hoop stress in the clad not exceed the stress 
associated with the formation of microcracks. Although SiCf/SiC composites have a 




microcracking of the SiC matrix.  Microcracks in the matrix allow for fission gas release, 
which rescinds the hermeticity of the cladding.  Thus, in order to be viable, advanced fuel 
systems with SiC-based claddings must avoid the high stresses characteristic of fuel-to-
cladding hard contact. 
 1.2 RESEARCH OBJECTIVE 
The goal of this research is to predict the performance of a proposed advanced 
fuel, U3Si2, under light water reactor conditions.  To accomplish this, the research has 
both experimental and modeling components.  Although some thermophysical properties 
for U3Si2 have been found in the literature, the useable data for modeling the fuel under 
light water reactor conditions is limited.  Accordingly, the creep behavior for U3Si2 has 
been unknown, making it difficult to predict fuel-cladding mechanical behavior.  This 
research attempts to fill this gap by developing irradiation and thermal creep strain 
models for U3Si2 based on post-sintering microstructural characterization of the fuel.  
Thorough microstructural analysis and mechanical testing of U3Si2 provide the 
foundation of this research.  Scanning electron microscopy (SEM) is used to determine 
the underlying microstructure and grain size of U3Si2 specimens.  Porosity and density of 
specimens is determined using a mercury porosimeter and helium pycnometer. Chemical 
composition is confirmed through x-ray diffraction (XRD) and second phases are 
identified through energy dispersive x-ray spectroscopy (EDX).  Material properties 
including the elastic modulus and coefficient of thermal expansion are determined using 
an impulse excitation device.  Microindentation testing provide hardness and toughness 




Post-sintering grain size data is used to develop a creep model for U3Si2.  The 
steady state creep models used to model material deformation in U3Si2 require prior 
knowledge of the diffusion coefficients.  The diffusion coefficient will vary depending 
upon the deformation mechanism, whether it is grain boundary diffusion or lattice 
diffusion.  Sintering data for U3Si2 can be used to determine he activation energy for 
grain boundary diffusion as well as the grain boundary diffusion coefficient.  Established 
trends between the coefficient of grain boundary diffusion and lattice diffusion exist and 
are used to extend grain boundary diffusion relations to those of lattice and irradiation 
diffusion.  In this way, the creep behavior in U3Si2 is described across all expected 
deformation regimes (thermal and athermal irradiation induced creep). The creep strain 
rate model is implemented into the BISON fuel performance code along with thermal and 
swelling models for U3Si2.  
This research assesses the performance of U3Si2 in a light water reactor using the 
BISON fuel performance code.  Material models for the thermal properties of U3Si2 have 
been taken from the literature and implemented in BISON.  Models for the mechanical 
behavior of the fuel present the greatest challenge because irradiation behavior data in the 
literature is limited, where available, and only appropriate for dispersion fuels.  An 
empirical model for the irradiation swelling of U3Si2 was developed using dispersion fuel 
data and indicates that it swells at a much greater rate than UO2.  Simulations were run 
within BISON to evaluate the fuel’s behavior under typical light water reactor conditions 
with SiC, an advanced ceramic cladding.  After implementing the creep model within 
BISON, LWR simulation results indicate that U3Si2 creep strain postpones the time to 






REVIEW OF LITERATURE 
 Much of the research and experimental data for U3Si2 dates back to the Reduced 
Enrichment Research and Test Reactor (RERTR) program.  The main goal of the RERTR 
program was to develop high density, low enrichment fuels for test reactors.  The most 
promising candidates proved to be U3Si and U3Si2 [Hofman, 1987].  Initially, U3Si was 
viewed as the most attractive fuel because of its higher density and uranium density (15.5 
g/cm3 and 14.6 g/cm3, respectively) [Snelgrove, 1996].  However, under irradiation, U3Si 
becomes amorphous and exhibits breakaway swelling [Hofman 1986 & Bircher 1988].  
Moreover, U3Si and other high-density fuels are considered thermodynamically unstable 
and present fabrication challenges.  For example, U3Si must be formed by a peritectoid 
reaction between U3Si2 and uranium-silicon solid solution, requiring a relatively long 
heat treatment for completion. [Frost, 1994].  On the other hand, U3Si2 melts congruently 
at higher temperatures and can be fabricated through arc melting. Performance in LWR 
applications is still unknown and motivates the current research.  Despite that fact that 
U3Si2’s swelling rate may be low in the context of research reactor fuel, it is high 
compared to UO2.  Given that the swelling rate may limit its performance, understanding 




involving advanced ceramic claddings where fuel-to-cladding hard contact must be 
avoided  
2.1 REVIEW OF U3SI2  
Although U3Si2 has a number of advantageous thermophysical properties, which 
support its use as an accident tolerant fuel, there are gaps in the fundamental irradiation 
behavior of the compound at higher temperatures.  A thorough literature review of U3Si2 
was performed. Properties of particular interest include the stoichiometry and structure, 
thermophysical properties, mechanical properties, and irradiation behavior.  Given the 
incomplete data for U3Si2, the range of this literature review may be limited in some 
cases to relationships derived from experience with dispersion fuels.  
2.1.1 STOICHIOMETRY AND STRUCTURE 
Silicon and Uranium form several stable stoichiometric compounds including 
U3Si2, U3Si, USi2, and USi (or U34Si34.5) [Domgala, 1987].  Only U3Si2 and USi2 are 
thought to melt congruently [Shimizu, 1965].  Congruent melting occurs during melting 
of a compound when the composition of the liquid that forms is the same as the 
composition of the solid.   The stoichiometric compound U3Si2 (92.7 wt% U & 7.3 wt% 
Si) has a melting temperature of 1665°C; USi2 melts at 1700°C.  The system has several 
eutectics; the one with the lowest melting point is U- U3Si2 at 985°C. Additionally, in the 
presence of excess silicon, U3Si2 experiences a eutectic melting at 1570°C [Samoilov, 
1968].  The phase diagram for the uranium-silicon system is shown in Figure 2.1 
[Shimizu, 1965].  The phase diagram indicates that U3Si2 is a line compound. The lack of 
departure from stoichiometry indicates strong covalent bonds with little to no defect 











X-ray studies by Zachariasen (1949) found that the crystal structure of U3Si2 is 
tetragonal (See Figure 2.2) with unit cell parameters of a=7.3200±0.004 Å and c=3.9004




Figure 2.2 Tetragonal crystal structure. 
 
 The density of U3Si2 can be calculated using the volume of the unit cell and the 
mass of Uranium and Silicon atoms.  See calculations below.  
The volume of the unit cell is given by: 
7.3200  x  10!!𝑐𝑚  ×  7.3200  x  10!!𝑐𝑚  ×  3.9004  x  10!! = 2.0899  x  10!!!  𝑐𝑚!.       
The mass of single Uranium and Silicon atoms can be calculated using the atomic mass 
of each element. 
𝑀𝑎𝑠𝑠  𝑜𝑓  𝑈  𝑎𝑡𝑜𝑚:            238.0289  
𝑔
𝑚𝑜𝑙 ÷   6.022  x  10
!" 𝑎𝑡𝑜𝑚𝑠











𝑀𝑎𝑠𝑠  𝑜𝑓  𝑆𝑖  𝑎𝑡𝑜𝑚:            28.0855
𝑔
𝑚𝑜𝑙 ÷   6.022  x  10
!" 𝑎𝑡𝑜𝑚𝑠




Since there are 2 molecules of U3Si2 per unit cell, the mass of a single unit cell of 
U3Si2 is the sum of the mass of 6 uranium atoms and 4 silicon atoms.  Thus, the unit cell 
mass is: 
6  x  3.95397  x  10!!!    !
!  !"#$
+ 4  x  4.66382  x  10!!" !
!"  !"#$
= 2.55893  x  10!!"𝑔.  
The density of U3Si2 is simply the mass of the unit cell divided by the volume of 
the unit cell:  
2.55893 x  10!!"𝑔 ÷ 2.0899  x  10!!!  𝑐𝑚! = 𝟏𝟐.𝟐   𝒈
𝒄𝒎𝟑
 . 
Similarly, the heavy metal density (uranium density) can be calculated: d 
6  x  3.95397  x  10!!!    !
!  !"#$
÷ 2.0899  x  10!!!  𝑐𝑚! = 𝟏𝟏.𝟑𝟓   𝒈
𝒄𝒎𝟑
 .  
2.1.2 FABRICATION PROCESS 
Both direct furnace synthesis and arc melting have been used to fabricate U3Si2. In 
1960, Taylor and McMurtry mixed stoichiometric quantities of uranium and silicon and 
heated them to 1750°C in an inert argon atmosphere, using a variety of crucibles [Taylor, 
1960].  Among the crucibles tested; magnesia performed best in terms of freedom from 
attack by the U-Si compositions. When the samples were held for periods up to 30 
minutes and allowed to cool slowly to room temperature, it resulted in samples that were 
principally USi2.  They reasoned that USi2 crystallized more rapidly than U3Si2 from the 
melts at 1750°C.  Thus, they repeated the experiment but rather than allowing the melt to 
slowly cool to room temperature, they rapidly quenched the melt.  This resulted in 
product that was principally U3Si2.  Ultimately, the researchers determined that U3Si2 




quenching.  Although this proved to be the best fabrication route examined, small 
amounts of UO2 and Si were observed through x-ray analysis.  The researchers 
determined that a larger batch size reduced the surface to volume ratio and decreased the 
oxide impurity in the U3Si2.  Vacuum atmospheres were also examined but produced 
unfavorable conditions and resulted in considerable weight loss due to vaporization.  X-
Ray analysis of the condensed vapors showed the presence of several silicides and free 
silicon.   
Arc melting of elemental U and Si was explored as part of the RERTR campaign 
and yielded good results [Domgala, 1987 & Wiencek, 1995].  In arc melting, an electrical 
arc from a welding electrode is struck between a water-cooled copper hearth and used to 
rapidly melt the U+Si charge material.  In addition to melting the charge constituents 
above their melting temperature, the movement of the electrical arc through the melt 
achieves a mixing between constituents.  During the RERTR research campaign, special 
attention was given to preventing the loss of Si during fabrication.  To control the loss of 
Si during arc melting, uranium metal was laid over Si pieces and arc melted so that the U 
would slump over the Si and encapsulate it prior to further melting and mixing.  
Additionally, the arc-melted ingots were annealed at 800°C for 72 hours in order to fully 
react any un-reacted Uranium or Silicon. This process was designed to eliminate any free 
Uranium, which was seen as an unfavorable constituent in the fuel, given the peritectic 
reaction of U and U3Si2 resulting in U3Si.  Research associated with the RERTR program 
had confirmed that U3Si became amorphous under irradiation and experienced 




Most recently, a team comprised of J. Harp, P. Lessing, B. Park, and J. Maupin at 
Idaho National Laboratory (INL), have fabricated U3Si2 in a process designed to produce 
U3Si2 for use in accident resistant fuel [Harp, 2013].  Because the sample pellets 
characterized in this research were fabricated by INL, the INL team’s fabrication process 
is discussed in detail.   
The first step in the INL fabrication of U3Si2 is production of uranium powder 
from feedstock uranium rods.  The process is performed in an inert atmosphere glovebox 
since both uranium and uranium hydride (UH3) are pyrophoric in air [Greenspan, 1976].  
The uranium rods are first washed in nitric acid to remove any outer oxide layer andthen 
cut into 10-25 gram chunks and processed through a hydride/dehydride apparatus.  The 
hydride/dehydride process is a reversible chemical reaction that produces UH3 through 
the application of heat and a hydrogen atmosphere to bulk uranium [Harp, 2013].  The 
reaction is reversed when the hydrogen is removed through additional heat and vacuum.  
This simultaneously transforms the uranium to a fine powder.  Silicon powder is 
produced by hammer milling highly pure Si chunks and sieving the resulting powder to a 
diameter of less than 300 microns.  A stoichiometric mixture of U and Si would contain 
92.7 wt % U and 7.3 wt % Si.  Previous experience in arc melting U3Si2 noted the loss of 
Si during the process [Wiencek, 1995].  Therefore, the INL process includes a small 
amount of excess Si in the mixture (92.5 wt % U, 7.5 wt % Si) to account for the loss of 
Si during arc melting.  Additionally, the added Si is thought to help minimize the 
formation of U3Si and U solid solution phases.  The two powders are mixed with 
approximately 0.1-weight percent polyox, which serves as a binder during sintering.  This 




pressure of approximately 20,000 psi (138 MPa).  The compacts average 10.811 g 
(10.000 g of U and 0.811 g of Si).  One of the compacts is shown below in Figure 2.2. 
 
 
Figure 2.2: U & Si compact prior to arc melting.  
[Harp, 2013] 
 
The compacts are then placed in a water-cooled copper hearth and melted using a 
low current.  The low current minimizes the loss of Si due to powder spray in the arc 
melting chamber.  The melted ingots are then flipped and remelted two more times at 






Figure 2.3: Arc melted U3Si2 [Harp, 2013]  
 
 In order to ensure a complete reaction of the U and Si, arc melted ingots are 
annealed at 800°C for 72 hours.  SEM, EDS, and XRD examinations were performed at 
INL on the annealed ingots to confirm composition.  The INL report noted that a uranium 
rich composition would include U in sold solution that would react with U3Si2 to form 
U3Si.  A silicon rich solution would contain USi or Si in solid solution.  Historically, a 
small amount of U3Si was considered acceptable as determined by the RERTR program, 
which deemed any U3Si2 fuel with less than 10% U3Si suitable for fuel qualification 
testing. [Domgala, 1987].  The ingots produced at INL were approximately 1.5% volume 
fraction U3Si.  A Rietveld refinement of the collected XRD spectra revealed between 0.5 





Figure 2.4:  SEM Micrograph of arc melted uranium silicide [Harp, 2013] 
 
The dark grey areas in the micrograph are the U3Si2 phase, while the lighter grey areas 
reveal the U3Si phase.  The black are areas are porosity in the uranium silicide.  The INL 
team noted that the U3Si phase appeared to form as a precipitate along grain boundaries 
of larger U3Si2 grains.   
In order to produce U3Si2 pellets, the U3Si2 annealed ingots were crushed to create 
a fine powder for sintering.  The ingots were first crushed using a hammer mill.  Next, a 
planetary ball mill, utilizing 10 mm diameter zirconia grinding media, was used to 
process the crushed pieces.  The milling process was repeated until all powder passed 
through a 400 mesh (39 micron) sieve.  Particle size analysis performed on the final 
powder revealed a median particle diameter of 10.4 microns.  Pellets of U3Si2 were 
formed by compacting powder from ball milling.  A floating punch and die set, with a die 




compacts with a length to diameter ratio of 0.5, if pressed to theoretical density.  Without 
the use of binders, green compacts with very high densities (70 to 80% TD) were 
achieved.  The compact pellets were sintered in two stages; first, they were sintered at 
600°C for 2 hours and followed by sintering at 1500°C for 5 hours.  In both cases, an 
Argon atmosphere with 20 ppm Oxygen was used and a 25°C/min heating rate was 
employed.  The density of the sintered pellets was found to be between 80.2 % and 
92.9% theoretical density.  The current goal at INL is to produce pellets between 90 % 
and 95 % theoretical density.  A final SEM microstructural examination revealed no U3Si 
phases or pure U or Si phases in the fuel.   
2.1.3. THERMAL PROPERTIES 
The thermal and mechanical properties documented in the literature are limited 
for U3Si2, especially when compared to UO2.  For example, until recent efforts, there was 
only a single reference for the specific heat of U3Si2, derived by Matos and Snelgrove as 
part of the RERTR program [Matos, 1992].  Matos and Snelgrove derived a linear 
relationship for the specific heat Cp (J/kg-K) of U3Si2 using Shimizu’s specific heat data 
for stoichiometric U3Si and for a U-Si alloy at 6.1 wt% Si [Shimizu, 1965].  The specific 
heat of U3Si2 (J/kg-°K) is given by: 
Cp = 199 + 0.104 × T, 
where T is temperature in degrees Celsius.  Although the authors did not provide the 
temperature validity range of this expression, the original specific heat data in the 
Shimizu report was given for temperatures less than 900K [Shimizu, 1965]. Given the 




Some of the important properties that contribute to the performance of nuclear 
fuels are good thermal conductivity, high uranium density, high melting temperature, and 
adequate mechanical strength to withstand thermal stresses [Shimizu, 1965].  These 
properties for U3Si2 are given in the following table and compared with those of UO2, 
UC, and UN [Todreas, 1993]. 
Table 2.1: Selected properties of UO2, UC, UN, and U3Si2  [Todreas,1993]  
Property UO2 UC UN U3Si2 
Theoretical Density 
@ room Temp 10.97 g/cc 13.63 g/cc 14.32 g/cc 12.20 g/cc 
Heavy Metal 
Density @ TD 9.67 g/cc 12.97 g/cc 13.60 g/cc 11.29 g/cc 
Melting 








Specific Heat at 
100°C 247 J/Kg°C 146  J/Kg°C 206  J/Kg°C 209  J/Kg°C 
Linear Thermal 
Expansion 
coefficient @ 100C 10.1 x 106/°C  11.1 x 106/°C  9.4 x 106/°C  15.5 x 106/°C  
Crystal Structure fcc fcc fcc tetragonal 
Tensile Strength  110 Mpa 62 Mpa 
Not well 





From Table 2.1, it can be seen that most properties for U3Si2 are intermediate between 
UO2 and UC or UN.  From preliminary BISON simulations, it was possible to determine 
the average operating temperature over the fuel volume for both U3Si2 and UO2, 617 °C 
and 1017 °C, respectively (see Chapter 4).   Thus, it can be determined that U3Si2 
operates at a similar fraction of its absolute melting point (0.37) as UO2 (0.36).  In 
thermal strength characteristics, U3Si2 appears inferior to UC and UN.  The higher 
expansion coefficient for silicide fuel and lower thermal conductivity will correspond to 
higher thermal stresses for a prescribed power density [Shimizu, 1965].  Additionally, the 
melting point of U3Si2 is considerably lower than all the other fuels.  However, given its 
high thermal conductivity, U3Si2 should perform adequately in an LWR as long as the 
maximum fuel temperature is maintained well below 1200°C [Shimizu, 1965]. U3Si2’s 
high thermal conductivity, which increases with temperature, is a motivating factor in its 
use as an advanced, enhanced accident tolerant fuel.  The 1965 report by Shimizu 
discusses five thermal conductivity measurements [Shimizu, 1965].  Three of the 
measurements show similar trends and indicate a linear increase in thermal conductivity 
with temperature.  Two separate studies were performed using an axial heat flow method 
to determine the thermal conductivity. The National Bureau of Standards performed the 
first measurement over low temperatures, 100-200°C, on an arc cast specimen [Shimizu, 
1965]. The second measurement, also performed on an arc cast specimen, was measured 
at Battelle Memorial Institute, over a range of temperatures from 200-1200°C [Shimizu, 
1965].   The overall slope in the data for the two data sets is in good agreement; however 
the results of the National Bureau of Standards indicate a smaller value for thermal 




temperature range.  An induction cast sample was sent to Atomics International for 
testing.   Atomics International used a radial heat flow technique to determine the thermal 
conductivity of the induction cast U3Si2 sample.  Although the results show a linear 
increase in the thermal conductivity with increasing temperature, the slope is less than 
that specified by Battelle Memorial Institute.  A single data point, reported by Nichols, 
indicates a thermal conductivity of ~14.6 W/m-K at temperature of approximately 100°C 
[Nichols, 1958].  Taylor and McMurtry reported the fourth data set, shown in the upper 
right-hand corner of Figure 2.5.  This data was taken from measurements on sintered 
U3Si2 and shows a completely different trend in value of thermal conductivity with 
temperature.  Shimizu notes that the thermal conductivity experiments can lead to 
erroneous results if the conductivity characteristics of the comparator materials are not 
similar to those being tested.  Taylor and McMurtry used Nickel as the comparator 
material, which has a high thermal conductivity and negative temperature coefficient.  On 
the other hand, Battelle Memorial and the National Bureau of Standards both used 
stainless steels as their comparator materials, 347 and 316 types, respectively (the thermal 
conductivities of each are shown in Figure 2.5).  Shimizu concludes that differing 











A single conservative expression for the thermal conductivity was generated in 
the current work, using a fit from the National Bureau of Standards, Battelle Memorial, 
and Atomics International data sets.  It should be noted that a continuation of the linear fit 
of the National Bureau work bisects the Battelle Memorial and Atomic International data.  
This seems an appropriate relationship and will provide a conservative value for the 
thermal conductivity of arc cast U3Si2.  The red line in Figure 2.5 shows this user-
generated relationship.  The expression, converted to units of W/m-K, is given as a 
function of temperature: 
k = 7.98 + 0.0051 × (T − 273.15), 
where T is temperature in K. This expression is valid for temperatures from room 
temperature to 1473.15 K. 
A recent report from Los Alamos National Laboratory explores the thermal 
properties of U3Si2 and provides new temperature dependent relationships for the thermal 
conductivity and thermal expansion [White, 2015]. The research team, led by J. White 
and A. Nelson, used laser flash analysis to measure the thermal diffusivity of U3Si2 and 
determine the thermal conductivity of the sample.  The thermal diffusivity of the sample 
is related to the thermal conductivity of the sample by the following equation: 
𝜆 𝑇 = 𝐷(𝑇) ⋅ 𝐶!(𝑇) ∙ 𝜌(𝑇) , 
where λ is thermal conductivity in W/m-K, D is the thermal diffusivity measured in m2/s, 
Cp is the specific heat in J/kg-K and ρ is the density in kg/m3.  The specific heat value for 
U3Si2 was also measured in the research and was found to vary as a function of 
temperature: 




Thermal expansion data, α, was obtained through dilatometry, which in turn, provided a 
corrected room temperature density of the specimen:   
 𝜌 𝑇 =    !(!)
(!!  !∙!!)!
. 
U3Si2 was found to exhibit linear expansion with temperature.  The coefficient of thermal 
expansion (CTE) was measured up to 1273 K and was found to be 1.61 x 10-5 K-1.  This 
CTE value agrees with the value that Snelgrove reported, 1.520 x 10-5 K-1.  The LANL 
relationship for the temperature dependent thermal conductivity is given by the following 
equation: 
𝜆 = 0.0151 ∙ 𝑇 + 6.004, 
where λ is given in (W/m-K) and T is given in K.  This expression can be 
compared to the user-generated relationship, based on the Shimizu data.  This is shown in 
Figure 2.6.   
It is clear that the LANL relationship provides larger values for thermal 
conductivity than the user fit of the Shimizu data.  For completeness, the LANL 
relationship has been superimposed on the entire Shimizu data set in figure 2.7.  The 
LANL data provides improved values for thermal conductivity.  The LANL relationship, 
whether compared to the entirety of the Shimizu data, or the user-defined relationship, 







Figure 2.6: Comparison of LANL and Shimizu temperature-dependent thermal 






Figure 2.7: Thermal conductivity as a function of temperature; blue line 
indicates the relationship determined by LANL, red is the user-defined  





Unirradiated, fully dense U3Si2 only has a slightly higher thermal conductivity 
than UO2 at 300 K (10.53 W/m-K and 8.91 W/m-K, respectively) [White, 2015 
&MATPRO,1989].  However, the two exhibit different behavior with increased 
temperature.  Due to phonon-phonon scattering in UO2, the thermal conductivity 
decreases with temperature.  Conversely, U3Si2 thermal conductivity increases with 
temperature as conduction electrons dominate the thermal transport [White, 2015].   This 
linear increase in thermal conductivity with temperature is characteristic of metallic 
conductors, which follow the Wiedemann-Franz Law; 
!
!"
= 2.44  ×  10!!    (𝑊 ⋅ Ω ∙ 𝐾!!), 
where λ is the thermal conductivity in W/m-K, σ is the electronic conductivity in Ω-1m-1, 
and T is the temperature in K [White, 2015].  The constant on the right hand side is the 
Lorenz number.  Cape and Taylor, conducted a series of measurements on the electronic 
resistivity of uranium silicides and found that the resistivity increases with the amount of 
Si present [Raynaud, 2014].  Likewise, an increase in resistivity causes a decrease in 
thermal conductivity. Given that U3Si2 has a greater quantity of Si than U3Si, the LANL 
report found that it has a lower thermal conductivity, as well. 
 2.1.4 MECHANICAL PROPERTIES 
Mechanical properties of U3Si2 are limited in the literature.  Therefore, a series of 
impulse excitation tests are proposed to support this research and should yield results 
with improved confidence.  Within the existing literature, it is well established that U3Si2 
is an extremely brittle intermetallic. Snelgrove provides a hardness value of 742 Vickers 




transverse tests on materials of 90% to 98% theoretical density [Taylor, 1960].  The 
results are shown in Table 2.2.  
Table 2.2 Taylor and McMurtry Rupture Tests for U3Si2 [Taylor, 1960] 
Modulus of Rupture by Transverse Tests 
Temperature % Theoretical Density 
Modulus of Rupture 
Average Range 
25 °C 92-98 86.18 MPa 71.02 MPa - 121.35 MPa 
600 °C 90-94 77.91 MPa 59.98 MPa - 122.03 MPa 
800 °C 93-98 *Bars deformed *Bars deformed 
 
 Additionally, Taylor and McMurtry reported values of 77.9 GPa and 33.1 GPa for 
the Young’s and shear moduli, respectively, at room temperature for U3Si2 at 92% 
density. Using these values, a Poisson ratio of 0.177, υ, can be calculated: 
𝜐 =
E
2𝐺 − 1 =   
77.9  𝐺𝑃𝑎
2  ×  33.1  𝐺𝑃𝑎 − 1 = 0.177. 
 Shimizu conducted compression tests at room temperature on both arc cast and 
induction cast U3Si2 samples [Shimizu, 1965].  The rod specimens were machined with 
an approximate length to diameter ratio of 3.  The average elasticity modulus of the three 
arc cast specimens was 52.4 GPa.  All three specimens were found to fracture in a brittle 
manner at nearly the same stress level, 225.87 MPa.  The modulus of elasticity for the 
induction cast specimens varied between 63 GPa and 140 GPa with an average of 96 GPa 
for the eight tests conducted. The stress at fracture varied between 138 MPa and 276 
MPa.  Bauer provides values for Young’s modulus, which are inconsistent with those 
reported by Taylor and McMurtry.  The results of his dynamic-modulus measurements on 
cast samples of U3Si2 gave Young’s modulus values of 138 GPa at 24 °C, 131 GPa at 450 




the 77.9 GPa, reported by Taylor and McMurtry at room temperature.  It should be noted 
that neither source indicates in which direction the modulus was measured.  Given the 
crystal structure of U3Si2, it is possible that it exhibits an orthotropic Young’s modulus, 
dependent upon measurement direction.  However, given the powder metallurgical 
fabrication process of U3Si2, the fuel will behave isotropically.   
2.1.5 CHEMICAL STABILITY 
Samoilov performed some of the earliest investigations into the chemical 
compatibility of U3Si2 [Samoilov, 1968].  He found that a rapid reaction between 
aluminum and U3Si2 takes place at 620°C.  When U3Si2 comes in contact with stainless 
steel, the Si diffuses into the steel and leads to the formation of a new phase, with an 
activation energy of 36.3 kcal/mole.  The time and temperature dependence of the 






where x is the thickness in cm, t is the time in sec, and T is the temperature in K.  
Samoilov also looked at the interaction of U3Si2 with air.  At 400 °C he found that 
the samples experienced a weight increase between 1-19% and after 7.5 hours, samples 
exhibited complete destruction.  More generally, a report published by Argonne National 
Laboratory (ANL) states that U3Si2 reacts with oxygen above 177°C [Snelgrove/RERTR, 
1987]. Toft and Jensen found that U3Si2 oxidized at temperatures as low as 150°C and 
over the temperature range up to 950°C [Jensen, 1992].  Shimizu found that U3Si2 is 
stable at room temperature indefinitely [Shimizu, 1965].  However, he noted at higher 
temperatures it undergoes reactions with oxygen and water vapor.  Specifically, U3Si2 




evidence of oxidation.  This experiment was conducted for periods up to 192 hours.  In 
similar-timed tests, conducted at 200°C in air, a parabolic reaction rate for U3Si2 was 
observed.  In the two tests, the weight gain for the samples was described by 0.07t0.568 and 
0.06t0.52 mg/cm2, where t is in hours.  At 315°C, the material oxidized at a linear rate for 
the first four hours and then exhibited complete deterioration by 8 hours.    Taylor and 
McMurtry also conducted oxidization tests on U3Si2 at room temperature, 100°C, and 
200°C [Taylor, 1960].  They observed no oxidation at room temperature and only slight 
oxidation after 16 days at 100°C.  After 4 days at 200°C, the samples measured only 
0.02% weight loss.   
Recent work at LANL indicates that U3Si2 performs poorly in oxidation testing 
[Nelson, 2014].  During thermogravimetric tests, the researchers found that a gettered 
argon gas (PO2 < 10-16 atm) was necessary, and that even ultra-high purity (UHP) argon 
(PO2 ≈ 10-6 atm) was found to quickly oxidize the materials at moderate temperatures.  In 
fact, even when compared to other ceramic nuclear fuel, which are considered to have 
poor oxidation resistance, U-Si compounds behave poorly.  Testing at temperatures 
above ~800 K, required extremely low partial pressures of oxygen in order to prevent 
severe degradation.  
This effect is shown in Figure 2.8, which shows the response of U3Si2 and U3Si5 
to synthetic air compared to that of UN and UO2. This graphic is taken from [Nelson, 
2014].  The measurements were made during dynamic heating at 2.5 K/min in order to 
illustrate the approximate temperature where severe oxidation begins.  The plot indicates 
that U3Si2 begins oxidizing at a temperature lower than U3Si5, UN, and UO2 




exothermic oxidation reactions, which is observable as the “ducktail” when the data is 
plotted against temperature. 
 
 
Figure 2.8: Comparison of oxidation in synthetic air for U3Si2, U3Si5, UO2 and UN. 
(Oxidation data is expressed in terms of conversion to U3O8) [Nelson, 2014].  
 
2.1.6 IRRADIATION BEHAVIOR  
The irradiation behavior of silicides is limited and experimental data on U3Si2 
refers to specimens tested at operating conditions very different that those expected in 
reactor.  Specifically, most of the data is for either low temperature (<100°C) and high 
burnup (~140 MWD/kg), or high temperature (1000°C) and low burnup (7.3 MWD/kg) 
[Matos, 1992 & Snelgrove, 1987].  Additionally this data is largely limited to 
experiments with dispersion fuels.  
2.1.6.1 AMORPHIZATION 
In 1996, Birtcher et al. determined that U3Si2 undergoes amorphization by both 




U3Si, U3Si2 remained crystalline under irradiation.  Arc melted samples were prepared 
and thinly sliced into 400µm wafers for ion irradiation at the Argonne high voltage 
electron microscope (HVEM).  The only initial defects observed in the polished samples 
were isolated dislocations and grain boundaries.  Ion irradiation was performed with 1.5 
MeV Kr ions at dose rates of 2 – 8 x1015 Kr/m2s.  Researchers used the TRIM95 code to 
calculate a displacement rate of 0.464 dpa/1018 Kr/m2s.  The researchers assumed a 
threshold energy of 20 eV since no precise value was known for U3Si2.  The average 
damage rate in 100 nm thick specimens was found to be 1.5 x 10-3 dpa/s.  Amorphization 
was discernible by diffuse rings in the electron diffraction pattern.  This ring was detected 
after a low ion dose, which indicated that U3Si2 began to amorphize through individual 
ions.  The researchers noted the coexistence of crystalline and amorphous phases, 
meaning that amorphization was limited to short range disorder in the sample. The 
maximum temperature at which specimens could be amorphized was 240°C.  See Figure 
2.9. Since the amorphization dose depends strongly upon temperature, it is possible a 
startup temperature of 300°C as in LWR reactors, would prevent the amorphization of 
U3Si2 due to ion irradiation since 300°C is above the maximum temperature at which full 
amorphization was observed.  






Figure 2.9:  Temperature dependence of the 1.5 MeV Kr ion dose  
for complete amorphization in the sample. [Birtcher, 1996] 
 
The effects of neutron irradiation were also studied using the intense pulsed 
neutron source (IPNS).   For the neutron irradiation study, researchers prepared powder 
U3Si2 by arc melting and crushing.  SEM images indicated that the individual crushed 
particles were single crystals. Defect production by ions was calculated using TRIM95 
and the previously assumed 20 eV threshold displacement energy.  This yielded 0.339 
dpa/1023 fissions/m3 with an average damage rate of 4 x 10-8 dpa/s.  The researchers 
performed neutron diffraction before and after the neutron irradiation. Prior to irradiation, 
the U3Si2 powder was found to be tetragonal with a=0.733102 nm, c= 0.390092 nm, and 
c/a= 0.532 (10 atoms per cell). The volume fraction of crystalline U3Si2 was determined 
from its scattering strength. The volume fraction of crystalline U3Si2 as a function of 






Figure 2.10:  Volume fraction of crystalline U3Si2 determined from its  
scattering strength relative to that from the Vanadium specimen container.  
[Birtcher 1996] 
 
Repeated irradiation produced structural changes that resulted in the shifting and 
broadening of the Bragg peaks from the U3Si2 sample. The neutron irradiation dose at 
which all U3Si2 diffraction peaks disappeared was found to be between 0.29 dpa to 0.38 
dpa.  Rietveld fits to each peak in the diffraction spectra revealed how the crystal 
structure of U3Si2 changed in response to neutron irradiation. It was observed that the a-
axis of U3Si2 contracts strongly while the c-axis experiences very little change; this meant 







Figure 2.11: Lattice parameter changes resulting from neutron irradiation 
 at room temperature. [Birtcher] 
 
The maximum lattice strain, -0.0106, was found along the a-axis.  The strain 
along the c-axis was -0.00094.  The maximum fractional volume change was found to be 
-0.022 or -2.2%. The researchers concluded that such large strain would not be supported 
in polycrystalline U3Si2 but rather that the single crystal prepared particles may have had 
strength approaching their theoretical limit.  Overall, the unit cell volume was found to 






Figure 2.12: Change in the unit cell volume of crystalline U3Si2 as a  
function of the volume fraction of amorphous material.  [Birtcher] 
 
The researchers concluded the linear relationship showed that there was little mechanical 
yielding of plastic flow during irradiation in either amorphous or crystalline fractions.  
Yielding in either component would allow the lattice strain to relax as the volume 
fraction of amorphous material increased. 
2.1.6.2 FISSION GAS SWELLING 
It has been well understood that U3Si swells grossly under irradiation.  This is due 
to the amorphization of the material and the subsequent large free volume produced 
which allows for rapid migration of fission gas atoms and bubbles. An SEM micrograph 






Figure 2.13: a) Fission gas bubble morphology in U3Si (73% burn-up, 4.3x1021 f/cm3). 
b) Fission gas bubble morphology in U3Si2 (96% burn-up, 5.2x1021 f/cm3). [Finlay, 2004] 
 
In the context of research reactor testing, the low levels of swelling in U3Si2 (compared to 
U3Si), even at high burnups  (only tested at low temps), were attributed to a constant and 
uniform distribution of fission gas bubbles, which showed no signs of coalescence. This 
observation suggested an underlying microstructure was responsible for the stable 
swelling behavior. This led Rest and Hofman to develop an irradiation-induced 
recrystallization model to explain the stable swelling behavior of U3Si2 [Rest, 1994].  
This model was based in the belief that U3Si2 remained crystalline during irradiation. 
Some of the original U3Si2 swelling work by Hoffman et al. established the existence of a 
distinct “knee” on the graph of fission gas bubbles as a function of fission density [Rest, 
1994].  The “knee” is defined as the point at which fission gas bubbles are first observed.  
Prior to the knee fission gas bubbles are below SEM resolution and researchers believe 
are retained in solution. As a result, the swelling rate prior to the knee is relatively low 





first to demonstrate that the higher fission rate of HEU fuels shifted the knee to a higher 
fission density compared to LEU fuels [Rest, 1994].  They suggested that at higher 
fission rates, more fission fragment-gas atom collisions occur that provide the energy to 
retain gas atoms in solution. This resulted in the development of a linear model to explain 
the swelling of U3Si2 (see Figure 2.14).   
 
Figure 2.14 Fuel Particle volume swelling as a  
function of fission density in the fuel [Rest, 1994]. 
 
 In light of Birtcher’s discovery that U3Si2 does undergo amorphization, the 
recrystallization model used to explain linear swelling was deemed overly simplistic and 
flawed. In 2004, Finlay and his colleagues revisited the original ORR miniplate 
irradiation data and looked at the fission gas bubble sizes and distributions in order to 




existence of a “knee,” or a fission density at which primary nucleation occurs.  They also 
determined that the position of this knee depended on both the fission density and the 
instantaneous fission rate at the knee.  For example, a higher instantaneous fission rate 
would shift the knee to a higher fission density.  If the instantaneous fission rate was 
above a threshold value, fission gas was retained in solution and no bubbles appeared. 
Likewise, if the instantaneous fission rate was at or below a threshold value, then bubbles 
would appear.  This meant that the fission gas solubility was not fixed, but also depended 
upon fission rate.  Although the fission rate could explain the presence of the knee, it 
could not explain the increase of fission gas solubility beyond the knee.  
The researchers also calculated the number of fission gas atoms stored in bubbles 
and compared against the total number of atoms generated.  Interestingly, only a small 
percentage of gas atoms were stored in bubbles.  Strangely, higher enrichment fuels, 
which generated more fission gas atoms, actually stored a smaller fraction of fission gas 
atoms in bubbles when compared to low enrichment fuel.  The researchers explained this 
through the changing fuel chemistry.  As the uranium is consumed, the ratio of U-to-Si 
atoms decreases.  The silicon-silicon atomic bonds are stronger than the uranium-silicon 
bonds and likely reduce the diffusivity of fission gas atoms in solution.  As the migration 
of fission gas atoms to fission gas bubbles becomes more difficult, more and more fission 
gas is stored in solution.  This effectively increases the solubility limit, which continues 
to increase with the decreasing U-to-Si ratio.  If the fission gas is produced at a faster rate 
than the increasing solubility limit can accommodate, a secondary nucleation of fission 
gas bubbles occurs.  The decreasing U-to-Si ratio ultimately manifests itself as a 




There was only one data point for each level of enrichment so the authors drew in their 
best estimate of behavior between the knee and the data point. The most important take-
away is that the swelling rate is non linear.  In fact, the no-linearity in the swelling rate is 
most pronounced for the highly enriched fuel, which encounters the largest change in the 
U-to-Si ratio.   The authors conclude that the fission rate effect on swelling is likely to 
dominate at lower fission densities when the change in U-to-Si atom ratio is small.  
However, at higher fission densities  (highly enriched uranium and medium enriched 




Figure 2.15:  Finlay et al. proposed swelling behavior for U3Si2 fuel  
particles from selected ORR mini-plates [Finaly, 2004].  
 
The Finlay article also provides a comparison plot of swelling rates for various 
fuels.  This graph is shown in Figure 2.16; the fuel particle swelling was calculated from 






Figure 2.16:  Fuel Particle Swelling as a function of fission density.  The  
fuel particle swelling is calculated from the miniplate swelling. [Finlay, 2004] 
 
Because data for U3Si2 is so limited, a cumulative burnup-dependent swelling 
model is suggested for use in this research. An empirical expression for the swelling of 
U3Si2 was determined using plate fuel data from Finlay, shown in Figure 2.16 [Finlay, 
2004].  
Finlay calculated the swelling strain of fuel particles using the results of miniplate 




been converted to MWD/MTU (see conversion below) for ease of understanding and are 
provided in Figure 2.17. 





































2.2 ADVANCED CERAMIC CLADDING 
Zirconium based alloys have been the preferred claddings in the United States 
since the beginning of commercial nuclear power given their low neutron absorption 
cross section, good corrosion resistance under typical LWR conditions, and relatively 
stable nature under irradiation.  However, it has high oxidation rates and reduced strength 
at high temperatures.  After Fukushima, the U.S. Department of Energy (DOE) 
implemented the Accident Tolerant Fuel (ATF) development program to investigate 
advanced fuels and claddings, which can tolerate loss of active cooling in the core for 
considerably longer periods of time.  Ceramic claddings have a number of desirable 
characteristics for nuclear applications including reduced oxidation rates, high strength 
and hardness at elevated temperatures, high elastic modulus, and low thermal expansion. 
Compared to Zr-alloys, silicon carbide based ceramics offer chemical inertness to high 
temperatures and better neutron economy through a reduced neutron absorption cross-
section [Katoh, 2011]. SiC fiber-reinforced SiC matrix composites (SiCf/SiC) exhibit 
improved mechanical behavior and irradiation tolerance [Kim, 2013].  As a result, 
SiCf/SiC is a frontrunner for proposed cladding materials in the ATF development 
program.   
The high strength of ceramics like SiC is offset by an undesirable characteristic of 
being inherently brittle.  This is a concern in cases of crack formation and propagation, 
which would lead to failure of the cladding and the release of gaseous fission products.  
Although fiber reinforced ceramic claddings offer improved performance, the composite 
is still limited by the formation of microcracks within the SiC matrix material.  
Microcracks in the matrix allow for fission gas release, which rescinds the hermeticity of 




gas release rate below 10-6, the applied stress on the composite cladding should be as low 
as 20 MPa [Kim 2014, Davies, 1973]. This assumes a scale parameter of 100 and a value 
of 8 for the Weibull modulus of the matrix microcracking [Katoh/JNM, 2011 & 
Katoh/KAERI, 2011]. 
Highly pure, single crystal SiC has a thermal conductivity of ~480W/m*K at 
240K, while porous poly-crystal SiC has a thermal conductivity of ~40W/m*K at the 
same temperature [Snead, 2007]. Similar to UO2, thermal conductivity of SiC degrades 
with increasing temperatures due to the phonon-phonon scattering effect.  Different 
fabrication processes with distinctive SiC fiber concentrations and orientations yield 
variations in the thermal and mechanical properties of SiCf/SiC between manufacturers.   
2.3 PELLET CLADDING MECHANICAL INTERACTION 
Pellet Clad Mechanical Interaction (PCMI) is a phenomenon that occurs when the 
fuel pellet and cladding come into physical contact with one another. The thermal 
expansion, densification, irradiation swelling, and creep of U3Si2 establish the fuel 
temperature.  Likewise, these behaviors combined with the creep and thermal expansion 
of the cladding determine the point at which PCMI occurs.  Upon contact, new stresses 
are applied to fuel and cladding as a result of further fuel expansion and possible cladding 
creep down. If the stresses continue to grow, they can eventually lead to failure of the 
cladding by rupture.  This is of great concern with brittle ceramic claddings designs, like 
SiC.  SiC does not creep down like zirconium alloys, which extends the time before fuel-
clad contact. On the other hand, ceramic claddings like SiC do not deform plastically and 
are unyielding in cases of fuel-cladding contact. In order to be viable, this sets the 




to-cladding hard contact.  This motivates the investigation of creep in U3Si2.  Irradiation 
enhances diffusion-based mechanisms, such that fuel creep can occur at temperatures 
below that required for thermal creep.  If this research determines that the creep rates of 
U3Si2 are sufficient enough to prevent failure inducing hoop stress on the cladding, this 
research will support the use of the U3Si2 and SiC advanced fuel/clad system.  
2.4 MICROSTRUCTURAL DEPENDENCE ON CREEP 
When a material is subjected to a stress below its yield stress for an extended 
period of time, plastic deformation by the mechanism of creep occurs.  Thermal creep 
generally occurs at high temperatures (above 0.4 to 0.5 Tmelt).  On a curve of strain versus 
time, the slope reveals the rate of deformation, known as the creep rate.  The creep curve 
can be further divided into three distinct regimes as shown in Figure 2.18.  Following the 
initial instantaneous strain, materials undergo a period of response where the strain rate 
decreases to a minimum steady state value that continues for most of the material’s life.  
The final stage includes an increase in creep rate and ultimately, the failure of the 
material.  The creep strain rate of a material depends on the applied temperature and 
stress, various intrinsic lattice properties such as the elastic modulus and crystal structure, 






Figure 2.18.  Three creep rate regimes as a function of time  
[Creep Curve, 2010]. 
 
The decrease in strain rate in the first stage is related to substructure changes in the 
material, which increase the material’s overall resistance to dislocation motion; similarly, 
the constant strain rate in the second stage indicates a dynamic balance between 
hardening and softening processes [Hertzberg, 2013].  At high temperatures and stress 
levels, the balance between these processes is lost and the creep strain rate accelerates in 
the tertiary stage due to the weakening instabilities in the material.  For long-lived 
applications, the steady state creep rate is the key material response of interest.  Thus, in 
order to obtain this information, creep tests generally focus on the second stage so that 
the steady state creep can be determined.  Increasing the length of time that a specimen’s 
steady state creep is measured will increase the accuracy of the experimental steady state 
strain rate.  It is generally recognized that the strain rate, dεs/dt, varies directly with stress, 




stresses and temperatures above half the melting temperature, the process is dominated 
by diffusion. 
 Diffusional creep involves the migration of vacancies along a gradient from grain 
boundaries experiencing tensile stresses to boundaries undergoing compression. Nabarro-
Herring creep is a lattice diffusion creep, while Coble creep describes grain boundary 





where Dv is the volume diffusivity through the grain, σ is the stress, b is the burgers 
vector which can be approximated by is the lattice constant, k is the Boltzmann constant, 
T is the absolute temperature, and d is the grain size [Nabarro, 1948 & Herring, 1950].  
The creep rate, 𝜀!", increases with decreasing grain size. 
Coble creep involves the atomic diffusion along grain boundaries and is given by 




where Dgb is the diffusivity along grain boundaries, σ is the stress, b is the burgers vector, 
k is the Boltzmann constant, T is the absolute temperature, and d is the grain size [Coble, 
1963]. Again, the creep rate, 𝜀!", increases with decreasing grain size.  It should also be 
noted that Coble creep is even more sensitive to grain size than Nabarro-Herring creep 




 At intermediate and high stresses and temperatures above half the melting point, 
the movements of dislocations control creep. Bird et al. showed that dislocation creep 








where A is a constant, D is the diffusivity, G is the shear modulus, σ is the stress, b is the 
burgers vector, k is the Boltzmann constant, T is the absolute temperature, and d is the 
grain size [Bird, 1969]. 
 In the presence of irradiation, creep can occur at temperatures below those 
associated with thermal creep.  In such cases, the diffusion term is that of irradiation 
diffusion.  For the same diffusion mechanism (e.g. lattice), the diffusion coefficient will 










3.1 FUEL MICROSTRUCTURAL ANALYSIS AND CHARACTERIZATION 
A thorough analysis of U3Si2 samples initiates this body of research.  
Characterization and mechanical testing methods include; scanning electron microscopy 
(SEM), electron backscatter diffraction (EBSD) with electron dispersive x-ray 
spectroscopy (EDX), polarized light microscopy, grain size analysis, mercury 
porosimetry, helium pycnometry, X-ray diffraction (XRD), impulse excitation testing, 
four-point probe resistivity testing, and Vickers microindentation testing.  These 
characterization and testing methods provide grain size, density, pore distribution, 
resistivity, hardness, toughness, and composition data.   The results support the 
development of a grain size dependent creep model and material models for U3Si2 within 
the fuel performance code BISON. U3Si2 samples tested in this research were prepared at 
the Idaho National Laboratory in accordance with the fabrication procedures discussed in 
section 2.1 [Harp/TopFuel, 2013 & Greenspan, 1976].  Pre-sintering particle size data in 
conjunction with post-sintering grain size data is used to estimate grain boundary 
activation energies and diffusion coefficients. EBSD with EDX is used to identify second 
phase precipitates in the samples while polarized light microscopy is used to image grains 
in etched U3Si2 samples for grain size analysis. Sample preparation and characterization 




3.2 DEVELOPMENT OF U3SI2 CREEP STRAIN RATE MODEL  
In the absence of experimental creep data, microstructural analysis of sintered 
samples has been used to estimate diffusion coefficients and activation energies used in 
general creep rate equations.  Generalized Ashby-type deformation maps have been used 
to prognosticate the creep regimes that U3Si2 will experience.  Additionally, homologous 
relationships were drawn from UC fuel to determine an appropriate transition 
temperature between thermal and athermal, irradiation-induced creep. Diffusion 
coefficients vary depending upon the deformation mechanism, whether it is grain 
boundary diffusion or lattice diffusion.  Sintering data for U3Si2 can be used to determine 
the grain boundary diffusion coefficient.  Established trends between the coefficient of 
grain boundary diffusion and lattice diffusion exist and are used so that the creep 
behavior in U3Si2 can be described across all expected deformation regimes.  At low 
temperatures, U3Si2 will experience irradiation induced, athermal creep.  Nabarro-Herring 
lattice diffusion is used to describe the creep strain rate in this regime.  Within the 
thermal regime, U3Si2 can experience one of two creep mechanisms: at high temperatures 
and low stress levels, U3Si2 will creep through Coble grain boundary creep, while at high 
temperatures and high stress levels U3Si2 will creep through dislocation creep.  A 
thorough explanation of U3Si2 creep regimes and the development of both thermal and 
athermal creep models are given in Chapter 6.  This model has been implemented into 





3.3 BISON FUEL PERFORMANCE CODE 
This research culminates with modeling of U3Si2 thermophysical, swelling, and 
creep behavior using the BISON fuel performance code. BISON is a modern finite 
element based nuclear fuel performance code that has been under development at the 
Idaho National Laboratory (INL) since 2009 [Williamson, 2012 & Hakes, 2013].  BISON 
is built using INL’s Multiphysics Object Oriented Simulation Environment or MOOSE 
[Gaston, 2009]. MOOSE is a massively parallel, finite element based framework, which 
solves systems of coupled non-linear equations using the Jacobian-Free Newton Krylov 
(JFNK) method.  MOOSE supports the use of one, two, and three-dimensional meshes, 
which allows BISON to simulate coupled multiphysics and multiscale fuel behavior in 
either 1D spherically symmetric, 2D axisymmetric or 3D geometries. The object-oriented 
architecture of the code minimizes the time and programing required to add new material 
and behavior models [Williamson, 2012 & Gaston, 2009]. 
The governing relations available in BISON consist of fully-coupled partial 
differential equations for energy, species, and momentum conservation. For this research, 
only the energy and momentum equations will need to be considered, resulting in a fully-
coupled thermomechanical treatment.  The basic relationships used to describe thermal 
and mechanical contact and evolution of the rod interfacial pressure are shown in Table 












Table 3.1:  Governing Equations in BISON [Williamson, 2012].      
Energy Balance is given in 




𝜕𝑡 + ∇ ∙ q− 𝐸!𝐹 = 0 
ρ - density 
Cp - specific heat 
T - temperature 
Ef - energy released in a 
single fission event 
𝐹 - volumetric fission 
rate, which can be 
computed based on an 
input rod average power 
and axial profile data 
q - heat flux 
Heat Flux q = −𝑘∇𝑇 q – heat flux k -  thermal conductivity 
T - temperature 
Momentum Conservation 
assumes static equilibrium 
at each time increment 
using Cauchy’s equation 
∇𝝈+ 𝜌f = 0 
σ -  Cauchy stress tensor 
ρ - density 
f – body force per unit 
mass 
 
For geometrically linear 





*The displacement vector 
u, the primary strain 
solution variable, is 
connected to the stress 
field via the strain. 
*With a linear elastic 
constitutive model, the 
stress is simply Cε where 
C is the material matrix. 
 
The gap heat transfer between fuel and cladding is modeled with the total 
conductance across the gap (hgap), computed as a sum of the gas conductance (hg), the 
increased conductance due to solid-solid contact (hs), and the conductance due to radiant 










Table 3.2 Gap Conductance Model in BISON [Williamson, 2013]. 
ℎ!"# = ℎ! + ℎ! + ℎ!  
Gas conductance 
is taken from Ross 




𝑑! + 𝐶! 𝑟! + 𝑟! + 𝑔! + 𝑔!
 
kg – conductivity of gas in 
gap; kg is computed using 
the mixture rule from 
MATPRO [MATRPO, 
1989] which permits 
mixtures of 7 gases: He, Ar, 
Kr, Xe, H, N, and water 
vapor.  The gas temperature 
(Tg) is taken as the area 
average of the temperature 
of all surfaces in contact 
with the gas. 
dg - gap width (computed in 
the mechanics solution) 
Cr  - roughness coefficient, 
with r1 and r2 the roughness 
of the two surfaces 
g1 and g2 – jump distances 
of the two surfaces 
Conductance due 










Cs – constant (typically 1.0) 
k1 and k2 – thermal 
conductivities of solid 
materials in contact 
Pc – contact pressure 
δ – average gas film 
thickness 
H – Meyer hardness of the 
softer material 
Conductance due 
to radiant heat 
transfer is 
computed using a 
diffusion 
approximation. 
ℎ! = 𝜎𝐹!(𝑇!! + 𝑇!!)(𝑇! + 𝑇!) 
 
where Fe is the emissivity function 
(approximated by formulation for 




1 𝜀! − 1
 
σ – Stephan-Boltzman 
constant 
T1 and T2 - temperatures of 
the radiating surfaces 






UO2 fuel models exist within BISON which describe temperature and burnup 
dependent thermal properties, solid and gaseous fission product swelling, densification, 
thermal and irradiation creep, fracture via relocation or smeared cracking, and fission gas 
production, generation, and release.  These properties are summarized in Table 3.3. 
Table 3.3:  UO2 Fuel behavior models [Williamson, 2012]. 
Thermal 
Conductivity  
of UO2  (Option 1):  
 
Temperature dependence of unirradiated material is defined by 
[Fink, 2000] and is modified to account for the effects of 
irradiation, porosity, and burnup using a series of multipliers 
outlined by [Lucata 1996]. 
Thermal 
Conductivity of 
UO2  (Option 2):  
The [MATPRO, 1989] relationship also takes into account 
Gadolinia content in the fuel. 
UO2 Fuel 
Densification 
ESCORE [Yashid, 2004] model is dependent upon burnup and 
temperature and requires a user-input burnup at which 
densification is complete.  
Swelling of UO2   
 
[MATPRO, 1989] relationship 
*Includes contributions to swelling from both solid and gaseous 
fission products. 
*Solid fission product swelling is a linear function of burnup. 
*Swelling due to gaseous fission products is computed 




Simple Physics Based Model (Sifgrs) developed by Pastore 
[Pastore, 2013]. It incorporates a direct description of the 
fundamental physical processes of gas generation, diffusion and 
precipitation in grains, growth and coalescence of gas bubbles at 
grain faces, and thermal gas release.  Gas produced in the model 
is released to the plenum and adds to the pressure in the gap and 





Modified Forsberg Massih Model for fission gas release 
[Forsberg, 1985]. It is a two-stage model and is computed for 
each integration point in the fuel finite element mesh.  In the first 
stage, the model computes fission gas diffusion to grain 
boundaries.  In the second stage, time-dependent boundary 
conditions are used to determine grain boundary gas 
accumulation, resolution, saturation, and release parameters. 
Relocation ESCORE [Rashid, 2004] The fuel relocation strain is applied 
incrementally by calculating the relocation strain at the burnup for the 
current step and subtracting the relocation strain at the previous 







The smeared cracking model follows the approach outlined in [Rashid, 
1974], where cracking is simulated by adjusting the elastic constants at 
material points. This is in contrast to a discrete cracking model, where 
topographic changes are made to the finite element mesh. 
Thermal and 
Irradiation Creep: 
The relation used in BISON is taken from the MATPRO 
FCREEP material model [MATPRO, 1989].  Combines 
secondary thermal creep and irradiation creep of UO2 as a 
function of time, temperature, effective stress, density, grain 
size, fission rate, and oxygen to metal (O/M) ratio.   
 
 Material models for the thermal properties and swelling behavior of U3Si2 have been 
taken from the literature and implemented in BISON.  The models for the mechanical 
behavior of U3Si2 present the greatest challenge because irradiation behavior data in the 
literature is limited, where available, and only appropriate for dispersion fuels.  The 
preliminary results of BISON simulations of U3Si2 with Zirc-4 cladding as well as SiC 
cladding are given in Chapter 4.  These preliminary results of U3Si2 simulations indicate 
that as the fuel swells with burnup, it will swell into the gap and ultimately come into 
hard contact with the cladding.  If a ceramic cladding like SiC is used with U3Si2, hard 
contact must be avoided given the brittle nature of the cladding.  The implementation of a 
creep model within BISON aids in determining whether creep offsets the buildup of 
cladding stress due to fuel swelling.   
 The ultimate goal of this research is to implement the grain size-dependent creep 
model, developed from this work, into the BISON fuel performance code in order to 
accurately model fuel-pellet mechanical interaction of the U3Si2 fuel system.  Thermal 
and irradiation creep models were developed using the results of microstructural 
characterization and grain growth sintering data.  The development and methodology 
supporting the creep model is discussed in Chapter 6.  Chapter 7 provides updated 




model discussed in Chapter 6 as well as updated values for Young’s Modulus and 
Poisson ratio, as determined through impulse excitation testing.  The creep model results 
are compared to a model with zero-creep as well as a creep model in which diffusion 






PRELIMINARY BISON MODELING RESULTS:  
THERMAL AND SWELLING IMPLEMENTATION 
 
Progress has been made to support the research presented in this proposal. After a 
thorough literature review, thermal behavior and swelling behavior models for U3Si2 have 
been added to the BISON fuel performance code.  Using these models, the behavior of 
U3Si2 was simulated and compared to that of UO2 in BISON using a 10-pellet rodlet 
example problem.  These results were presented in Charlotte, NC at the International 
Congress on Advances in Nuclear Power Plants (ICAPP) in April 2014.   
4.1 IMPLEMENTATION OF THERMAL & SWELLING MODELS FOR U3SI2 IN 
BISON 
Thermal Model: 
The thermal conductivity of U3Si2 is computed using a temperature dependent 
empirical relation. Whereas Samoilov gives a value of 15 W/m-K for the thermal 
conductivity at room temperature, Shimizu provides a range of thermal conductivities as 
a function of temperature [Samoilov, 1968 & Shimizu, 1965]. The most conservative 
expression for thermal conductivity k (W/m-K) is obtained using the experimental data 
for Shimizu and is therefore used in the BISON thermal model: 





where T is temperature in K. This expression is valid for temperatures from room 
temperature to 1473.15 K. It should be noted that this expression is conservative and may 
underestimate the true thermal conductivity. 
A relationship for the specific heat Cp (J/kg-K) of U3Si2 was derived by Matos in 
Ref. 27 using specific heat data for stoichiometric U3Si and for a U-Si alloy at 6.1 wt% Si 
from Shimizu (Ref. 20): 
Cp =199+0.104×(T−237.15)  
where T is temperature in K. Although the authors do not provide the temperature 
validity range of this expression, the original specific heat data is given for temperatures 
less than 900K [Shimizu, 1965]. Given the linearity of the expression, the relationship is 
likely valid at higher temperatures. 
The coefficient of thermal expansion for U3Si2 is reported by multiple sources in 
the literature. The current model uses a value from Shimizu who reports a measured 
coefficient of thermal expansion of 15.0 x 10-6 /°C for pellets sintered to 92% TD, valid 
over the range from 25°C to 1200°C [Shimizu, 1965]. 
U3Si2 Swelling Model: 
Because data for U3Si2 is limited, a cumulative burnup-swelling model is 
suggested. An empirical expression for the swelling of U3Si2 was determined using plate 
fuel data from [Finlay, 2004]. Finlay calculated the swelling strain of fuel particles using 
the results of miniplate irradiation tests (see Figure 2.16).  BISON expresses burnup in 
FIMA so it was necessary to convert the data from [Finlay, 2004] to units of FIMA (see 
conversion below).   















= 𝐹𝐼𝑀𝐴  
In the conversion above, density is given as the fissionable density or uranium density in 
the fuel.  For 95% dense U3Si2, the uranium density (heavy metal density) is 10.735 
g/cm3. 
Thus, the swelling strain as function of burnup is given as: 
V/Vo (%) = 3.88008*Bu2+0.79811*Bu.  
Within BISON, the volumetric swelling, is calculated by integrating the 
incremental strain over burnup. The incremental strain for a given burnup step can be 
written as a function of burnup: 
dV/Vo/dBu = 7.76016×Bu + 0.79811, 
 where Bu is the instantaneous burnup in FIMA.  The units of FIMA can also be 
converted to standard burnup in MWD/MTU by multiplying the fraction of fissioned 
atoms by 9.5x105 (see page 115, Reference 41) For example, 1% FIMA is 9500 
MWD/MTU or 9.5 GWD/MTU.   
4.2 PRELIMINARY RESULTS OF MODELING U3SI2 FUEL SYSTEM IN BISON 
The thermal and swelling models discussed in Section 4.2 were used to evaluate 
the behavior of U3Si2 with traditional Zircaloy cladding and SiC cladding under typical 
LWR conditions.  These simulations required additional models for the irradiation 
behavior of U3Si2; specifically densification and fission gas release models. 
From section 2.1.3, U3Si2 and UO2 operate at similar fractions of their absolute 
melting point.  In the absence of data specific to U3Si2, the operating temperature as a 




UO2 fuel.  Thus, the fuel densification is calculated using the ESCORE empirical model 
given by:  
𝜀! = ∆𝜌!(𝑒(!"∙!"  (!.!")/!!!"!) − 1) 
where εD is the densification strain, ∆ρ0 is the total densification that can occur (given as 
a fraction of theoretical density), Bu is the burnup, and BuD is the burnup at which 
densification is complete [Rashid, 2004].  For temperatures below 750 °C the parameter 
CD is given by 7.2 − 0.0086(T − 25); above 750 °C it is 1.0 (T in °C). 
 The data available for U3Si2 is largely limited to experiments relating to 
dispersion fuels. Until future experiments can provide accurate data on the fission gas 
release in U3Si2, the fission gas release (FGR) is assumed to be similar to that of UO2. 
FGR is computed using a physics-based model, developed by Pastore et al., 
described in Ref. 62.  The model is characterized by a level of complexity suitable for 
application to engineering-scale nuclear fuel analysis. It incorporates a direct description 
of the fundamental physical processes of gas generation, diffusion and precipitation in 
grains, growth and coalescence of gas bubbles at grain faces, and thermal gas release. 
Because the fuel swelling model for U3Si2 is prescribed for cumulative swelling, the gas 
produced in the FGR model is set so that it does not contribute to swelling. Rather, the 
gas produced in the model serves as a source for gas released to the plenum. The gas 
released degrades the thermal conductivity of the gas in the pellet-clad gap. 
U3Si2 Example Problem 
To demonstrate the current U3Si2 material models, they are used in a 2D 
axisymmetric example problem. The problem simulates a 10-pellet stack clad in Zr-4. 




height is 11.9 mm, the Zr-4 cladding is 0.56 mm thick and the initial fuel-pellet gap is 80 
µm. The Zr-4 material model is taken from the existing model in the BISON repository. 
An open region above the pellet stack simulates the upper plenum. The plenum volume 
assumes a typical value for the PWR plenum to fuel length ratio of 0.045 [Bailly, 1999]. 
A second order finite element mesh with quad-8 elements was used. A fine mesh was 
constructed for individual pellets with 22 radial and 32 axial segments and is shown in 
Figure 4.1 Similarly, the length of the clad is modeled with 5 radial and 170 axial 
segments and the endcaps of the rodlet, with 5 axial and 8 radial segments. 
 
 
Figure 4.1 Pellet mesh for example problem 
 
The heat transfer from flowing coolant is simulated using a uniform convective 
boundary at the clad outer wall. Typical PWR operating conditions were taken from the 
BISON UO2 rodlet example problem in Williamson, 2012 (Ref. 55). These conditions are 




 Table 4.1: Input Parameters for the axisymmetric problem 
 
 
The rod power history is shown in Figure 4.2. The rod power is assumed to rise 
linearly over three hours and is then held constant for 3.2 years. 
 
 
Figure 4.2: Power history for the example problem 
 
Results and Comparison to UO2 
 
An identical 2D axisymmetric BISON example problem was run using existing 
models for UO2 to compare the fuel performance to that of U3Si2 [Williamson, 2012].  




maintained for consistency. Because the creep model for U3Si2 is currently under 
development, it was omitted from the U3Si2 example problem as well as the UO2 
example. Due to the low thermal stress in U3Si2, it is assumed that pellet cracking and 
relocation are negligible. For consistency between examples, relocation was omitted from 
the UO2 model. Instead, both examples utilize elastic models for fuel behavior. Like the 
previous U3Si2 example, the cladding material for UO2 is Zr-4. 
Unlike UO2, whose thermal conductivity degrades with temperature, the thermal 
conductivity of U3Si2 increases with temperature. The resultant fuel temperature histories 
are shown in Figure 4.3. 
 
 
Figure 4.3 Comparison of UO2 and U3Si2: temperatures given for the axial  
midpoint along the fuel centerline, fuel outer surface, and interior surface of the cladding. 
 
It should be noted that the effect of higher uranium density in U3Si2 is observed 




were subject to the same temporal power history. As a result of U3Si2’s higher thermal 
conductivity, the fuel centerline temperature remains approximately 400 degrees lower 
than that of UO2. The maximum difference in temperature of the outer fuel surface is 50 
degrees prior to contact. The difference in the interior cladding surface temperature is 
negligible. Note the distinct change in slope that occurs beyond 20,000 MWD/MTU 
corresponds to closure of fuel-pellet gap. 
The total volumetric fuel strain is the sum of densification and swelling strains. 
The individual contributions to volumetric strain are shown in Figure 4.4.  The UO2 
swelling model calculates solid swelling and gaseous swelling individually.  Because 
swelling data for U3Si2 is limited, the cumulative swelling strain is given.  As discussed 
in previously noted, the ESCORE densification model was used for both UO2 and U3Si2 
examples.  The swelling strain of U3Si2 is greater than UO2 and increases substantially at 
higher burnups. While the current conservative swelling model is based on miniplate 
data, it should be noted that future monolithic U3Si2 experimental data will reveal more 
useful swelling data and may reveal more tolerable swelling rates. Additionally, once 
creep data for U3Si2 is obtained and implemented, it will offset stresses due to thermal 





Figure 4.4: Comparison of UO2 and U3Si2 swelling and densification volumetric fuel 
strain contributions. 
 
Both UO2 and U3Si2 example problems utilize the fission gas production and 
release model developed by Pastore [Pastore, 2013].  However, the low operating 






Figure 4.5: Comparison of UO2 and U3Si2: percentage of fission gas that is 
 released. 
 
As can be seen in Figure 4.6, due to the larger swelling strain rate, fuel-clad 
contact for U3Si2 before UO2.  U3Si2 contact occurs at a burnup of 25,700 MWD/MTU or 






Figure 4.6: Displacement in the fuel (measured from node on outer diameter)  
and cladding (measured from node on inner surface of cladding). 
 
U3Si2 Example with SiC Cladding 
Compared to Zr-alloys, silicon carbide based ceramics offer chemical inertness to 
high temperatures and better neutron economy through a reduced neutron absorption 
cross-section [Katoh/JNM 2011].  SiC fiber-reinforced SiC matrix composites (SiCf/SiC) 
exhibit improved mechanical behavior and irradiation tolerance [Kim, 2013].   As a 





SiC does not creep down like zirconium alloys, which extends the time before 
fuel-clad contact. On the other hand, ceramic claddings like SiC do not deform plastically 
and are unyielding in cases of fuel-cladding contact. In order to be viable, this sets the 
requirement that such advanced fuel systems avoid the high stresses characteristic of fuel-
to-cladding hard contact. Although SiCf/SiC composites have a higher reliability in 
fracture strength than monolithic SiC, they are still limited by microcracking of the SiC 
matrix. Microcracks in the matrix allow for fission gas release, which rescinds the 
hermeticity of the cladding. Using Weibull statistics, Kim determined that in order to 
maintain a fission gas release rate below 10-6, the applied stress on the composite 
cladding should be as low as 20 MPa [Kim, 2013 & Davies, 1973].  This assumes a scale 
parameter of 100 and a value of 8 for the Weibull modulus of the matrix microcracking 
[Katoh/JNM 2011 & Katoh/KAERI 2011].  
To evaluate the stresses in a SiCf/SiC cladding material, the example problem was 
run substituting SiC material models for Zr-4. This is considered a preliminary evaluation 
because the SiC material model used is representative of monolithic SiC, rather than a 
SiCf/SiC composite. The SiC material model employed is discussed in [Hales, 2013]. The 
resulting vonmises stress in the clad is shown in Figure 4.7 for UO2/Zr-4, U3Si2/Zr-4, and 
U3Si2/SiC fuel/clad combinations. The U3Si2/SiC example problem was run to a larger 






Figure 4.7: von Mises stress in the clad is shown for each example problem. 
 
 





The initial rise in temperature, prescribed by this example problem, causes the 
cladding to experience rapid increased thermal stress. Following this, the cladding enters 
a compressive stress state as a result of the difference in the gap gas pressure and the 
larger coolant pressure. The transition from compressive to tensile strain gradually occurs 
following fuel-clad contact (See Figure 4.8). 
The design limit for SiC should be governed by the maximum stress where no 
microcracking occurs, approximately 20 MPa [Bailly, 1999 & Kim, 2013].   As a result, 
the development of U3Si2 fuel with a SiC clad requires that the SiC does not experience a 
hoop stress of 20 MPa or greater (most conservative). In this example, such stress occurs 
in the cladding at 1080 days or a burnup of 51,300 MWD/MTU. This stress occurs 
immediately following contact.  In order for SiC or its composite forms to be viable 
claddings for U3Si2, hard contact must be avoided. 
Study in Variation of Gap Size 
Increasing the gap between the fuel and SiC clad postpones the moment of hard 
contact but at the cost of decreased heat transfer from the fuel. As a result, if the gap is 
too large, the thermal energy stored in the fuel could lead to failure. However, if the gap 
is too small, the swelling of the fuel can induce a large enough hoop strain in the clad to 
cause microcracking in the SiC. To maintain fuel rod geometry suitable for existing 
LWRs, the increased gap size may require a reduced fuel diameter. A parametric study of 
gap sizes was conducted to determine suitable gap distance to offset pellet-clad contact 
and limit the degradation of fuel thermal performance. The example problem geometry, 
shown in Figure 4.1, was used as a maximum fuel radius. Twenty additional geometries 




The effects of reduced fuel radius and concomitant gap size increase on the maximum 
fuel centerline temperature and time of fuel-clad hard contact are shown in Figure 4.9. 
 
 
Figure 4.9: The maximum centerline temperature and time of fuel-clad 
contact are shown as a function of increasing gap size. 
 
By reducing the fuel pellet radius by 100 microns (r=4.0 mm), contact is 
postponed by 1018 days, allowing for an additional 2.8 years of operation. It should be 
noted that this is an ideal scenario, applicable to the power history shown in Fig. 4.2. A 
ramp in power would lead to increased fuel swelling and thermal expansion and as a 
result, would reduce the time to contact. Relative to the r=4.1mm standard fuel pellet, 
increasing the gap size by 100 microns increases the maximum fuel centerline 




melting temperature of U3Si2 is 1938 K.  It should also be noted that a 100-micron 
reduction of the fuel pellet radius results in a 4.8% loss of uranium loading per pellet. 
Therefore, selection of an ideal pellet size will also require an understanding of the 
economics associated with reduced fuel pellet size. 
Conclusions of Preliminary BISON Simulations 
This preliminary model evaluates the behavior of U3Si2 using available 
thermophysical data to predict the cladding-fuel pellet temperature and stress using the 
fuel performance code: BISON. The higher thermal conductivity in U3Si2 results in a 
lower average fuel temperature than in UO2. Although the swelling strain is higher in 
U3Si2 than UO2, the use of an advanced cladding like SiC, postpones the moment of fuel-
clad contact. Unfortunately, the brittle nature of ceramic claddings like SiC requires that 
the hoop stress in the clad not exceed the stress associated with the formation of 
microcracks in the clad. Preliminary results indicate that to extend fuel life in the 
U3Si2/SiC system beyond 51,300 MWD/MTU, a larger fuel-clad gap is required. A 
modest decrease in fuel radius, increase in the fuel-clad gap, significantly postpones the 
time of hard contact without a spike in fuel centerline temperature. However, the 
recommendation of an optimal fuel pellet radius will require a study of the economics 
associated with the reduced fissile loading due to reduction in fuel size. The U3Si2 
material model will be updated pending future experimental results; a research effort is 
currently underway to establish thermal creep rates for U3Si2. This data will greatly 
improve the current U3Si2 model within BISON and likely offset the deleterious fuel 




development. These advanced material models will improve the modeling efforts 
associated with advanced fuel-cladding systems. 
4.3 DECAY HEAT LEADING TO INCREASE IN FUEL TEMPERATURE 
CALCULATION  
 
A calculation has been performed to determine the temperature increase due to 
decay heat alone in the event of a LOCA.  The results for U3Si2 have been compared with 
those of UO2 in this scenario.  Zr-4 cladding was used in both calculations and an 
additional calculation was performed for the U3Si2/SiC system.  The results of Porter and 
Raynaud (2014) show that for a Westinghouse 4 loop PWR, experiencing a LOCA, it 
takes approximately 300 seconds to cool the fuel to 400K with the start of the emergency 
core cooling system [Raynaud, 2014]. A preliminary calculation was performed to 
compare the respective fuel temperature increase in U3Si2 and UO2 on decay heat alone in 
the noted 300-seconds. 
Decay Energy generated in 300 seconds: 
  Magdi Ragheb uses the mean energies of beta and gamma particles and their 
emission rates to determine the total decay power following shutdown [Ragheb, 2014]. 
The expression for the total decay heat power following shutdown is given by: 
𝑃 𝑡 = 6.48  ×  10!!𝑃! 𝑡!!.! − 𝑡 + 𝑇! !!.!   where power is in MWth, t is the time after 
shutdown in days, and To is the time the reactor operated in days [Ragheb, 2014].  The 
total energy released after shutdown due to decay heat of fission products is given by the 
integral of decay power: 
𝐸 𝑡 = 𝑃 𝑡 𝑑𝑡!! . 




𝐸 𝑡 = 8.1  ×  10!!𝑃![𝑡!.! − 𝑡 − 𝑇! !.! + 𝑇!!.!, where energy is given in MWthday.   
In this calculation, heat removal was neglected and the reactor was assumed to have 
operated for one year.  Multiplying the linear power over the length of the rodlet, 11.9 
cm, yields a power of 2380W. This value is used for the term of Po in the decay energy 
equation.  In this comparison, To, operating time is given as 365 days.  Additionally, by 
substituting 300 seconds for the value of t, it was possible to solve for the decay energy 
generated over the time period before complete fuel cooling.  This value was found to be 
16,527 J.  
 By setting the decay energy equal to the thermal energy, it is possible to solve for 
the increase in fuel temperature due to decay energy. The values for fuel operating 
temperatures were taken from BISON simulations documented in [Metzger, 2014].  
These simulations modeled a 10 pellet rodlet with Zr-4 cladding subject to a 200 W/cm 
linear power.   
UO2 temperature increase calculation: 
 The BISON simulation found that the maximum volume average operating 
temperature over the operating time of the reactor for the UO2 fuel was 1017 °C (1290 K).  
The specific heat at this temperature was taken from the relationship in FRAPCON 
[Geelhood, 2011], which yielded a value of 324 J/kg-K. The mass of the fuel is calculated 
using the pellet dimensions from the example (radius=0.41cm, height= 1.19cm, 10 pellets 
per rodlet) and the density of UO2 at 95%TD (10.41 g/cm3). The energy associated with 
an increase in temperature given by: 












0.0654𝑘𝑔 ∙ 324 𝐽𝑘𝑔 − 𝐾
= 780  𝑑𝑒𝑔𝑟𝑒𝑒𝑠 
If a Westinghouse 4-Loop PWR were to experience a LOCA, the decay heat generated in 
before the ECCS cools the core would cause the UO2 fuel average temperature to 
increase by 780 degrees.  Given that the fuel average operating temperature was 1017 °C, 
the decay energy would cause the fuel temperature to increase to 1797 °C.  The melting 
temperature of UO2 is 2800 °C.  Thus, the margin to Tmelt is 2800 °C – 1797 °C or 
1003°C. 
U3Si2 temperature increase calculation: 
 This calculation is now repeated for a rodlet of similar dimensions but with U3Si2 
as the fuel.  The BISON simulation found that the maximum volume average operating 
temperature over the operating time of the reactor for the U3Si2 fuel was 617°C (890 K).  
The specific heat at this temperature was taken from the relationship by [Shimizu, 1965] 
and yields a value of 263.15 J/kg-K. The mass of the fuel is calculated using the pellet 
dimensions from the example (radius=0.41cm, height= 1.19cm, 10 pellets per rodlet) and 
the density of U3Si2 at 95%TD (11.59 g/cm3). The energy associated with an increase in 
temperature given by: 
∆𝐸 = 𝑚 ∙ 𝐶! ∙ Δ𝑇 











0.07286𝑔 ∙ 263.15. 𝐽𝑘𝑔 − 𝐾
= 860  𝑑𝑒𝑔𝑟𝑒𝑒𝑠 
If a Westinghouse 4-Loop PWR were to experience a LOCA, the decay heat generated in 
before the ECCS cools the core would cause the U3Si2 fuel average temperature to 
increase by 860 degrees.  This increase in temperature is 80 degrees more than in the case 
of UO2.  Additionally, given that the fuel average operating temperature was 617 °C, the 
decay energy would cause the fuel temperature to increase to 1477 °C, which is 188 
degrees from the melting temperature of U3Si2.   
For either fuel, the quenching of the core from the ECCS within 300 seconds will 
prevent the fuels from reaching their respective melting temperatures.  A similar 
calculation revealed that it would require 950 seconds without cooling for UO2 fuel to 
reach its melting point.  By comparison, given the lower point of U3Si2, it would only 
take 490 seconds without cooling for U3Si2 to reach its melting temperature. The reader 
should be reminded that the above comparisons neglect heat transfer, which would lower 
the temperature in both fuels.  In fact, the reduction in temperature in U3Si2 would be 
significant given that its thermal conductivity is three times greater than UO2.   
Since BISON simulations were performed for the U3Si2/SiC system, it is also 
considered.  The maximum volume average fuel temperature of U3Si2, when used with 
SiC cladding, was 647 °C (920K).  In contrast, when Zr-4 is used as the cladding, the 
maximum volume average fuel temperature of U3Si2 was 617°C (890 K).  Because the 
operating temperature in the fuel is higher, the temperature dependent heat capacity in the 
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= 852  𝑑𝑒𝑔𝑟𝑒𝑒𝑠. 
This ΔT is a reduction from the 860 degrees calculated with Zr-4.  However, since the 
fuel is already at a higher temperature, the decay heat will increase the fuel temperature 
to a higher value of 1499 °C, when compared to 1477 °C for U3Si2 & Zr-4.  This is 166°C 
from the melting temperature of U3Si2.  The calculation was not performed for UO2/SiC 
because in a LOCA scenario where decay heat causes the fuel temperature to increase, 
the SiC would actually fail due to melting prior to the fuel, itself.  This is can be verified 
by comparing the melting temperature of UO2, 2800 °C, with that of SiC, 2730 °C.   
 It is evident that in order to properly evaluate the behavior of U3Si2 under normal 
operating temperatures or in the event of a LOCA, heat transfer must be taken in to 
account.  This can be accomplished during future modeling within BISON.  The low 
melting temperature of U3Si2 will limit its performance during a LOCA, but calculations 
that take into account the excellent heat transfer of the fuel may provide more promising 





CHARACTERIZATION OF U3SI2 SAMPLES 
5.1 INTRODUCTION: 
 The University of South Carolina (USC) has completed characterization 
on U3Si2 produced at Idaho National Laboratory (INL).  Completed characterization 
includes; optical microscopy with pore and grain size analysis, helium pycnometry for 
density determination, mercury intrusion porosimetry, compositional analysis in the form 
of XRD, second phase identification using EDX, electrical resistance measurement via 
four point probe, determination of hardness and toughness through Vickers indentation 
testing, and determination of elastic properties using the impulse excitation method.   
5.2 U3SI2 SAMPLES 
 The U3Si2 samples used in characterization and testing came from one of 
three different lots (Figure 5.1).  The sample dimensions are summarized in Table 1 and 
Sintering details are provided in Table 5.2.  The pressed U3Si2 green bodies were first 
heated to 600°C in order to burn off binders.  Any differences in microstructure between 
the U3Si2 samples should be attributed to differences in the temperature and duration of 
second sintering step as well as the feedstock particle size distribution.   
The first lot was comprised of Pellets A, B, and C.  The pellets were fabricated 
with varying feed stock particle size distributions and sintering conditions in order to 




pellet are shown in Figure 5.2 (adapted from [Harp 2015]).   Pellet C has a microstructure 
representative of the U3Si2 pellets that will be used in the first round of experimental 
testing within the advanced test reactor (ATR) and was the basis for U3Si2 samples used 
in this work.  All pellets were sintered in an Argon atmosphere furnace.  Additional 
fabrication details are provided in [Harp 2015].  Pellets A, B, and C were used for optical 
grain and pore size analysis, gas pycnometry, XRD and EDX.  Following all other 
characterization, the pellets were mounted in epoxy and used for indentation testing as 
well as 4-point probe resistivity testing.  A summary of all characterization and testing 
performed on each sample time is provided in Table 5.3.  
The second lot of samples was comprised of three tile specimens. These tiles were 
fabricated using the same feed stock particle size distribution as that of Pellet C but were 
sintered in a vacuum furnace. Of the three specimens, only one tile remained intact 
during shipment. This sample was used for impulse excitation testing.  Of the two 
remaining tile samples, one was broken in half and the other had a chip in it.  The 
fractured sample was cut into quarters, mounted in epoxy, and used for grain size 
analysis, pore size analysis, and indentation testing.  SEM imaging of the indentations 
allowed for additional EDX analysis. The chipped tile was mounted in epoxy and used 
for 4-point probe resistivity testing.  
The final lot of samples consisted of eight pellets of varying length (all same 
diameter) supplied for compression creep testing. The creep pellets were fabricated using 
the same feed stock particle size distribution as that of Pellet C and tile samples and were 
sintered in a vacuum furnace. These pellets were notched on the sides using an EDM in 




One of these pellets was used for grain and pore size analysis, gas pycnometry, and 
mercury intrusion porosimetry.  
 
            
 
Figure 5.1: (Left to Right) Pellet A, B, and C, U3Si2 tile, and creep pellet.  
 
Table 5.1: Sample dimensions 
  As-Received Dimensions  (mm) 
Pellets A, B, C length= 6.5 mm,  diameter = 8.0 mm 
Tile Samples length= 20.5  mm, width = 15.7 mm, thickness = 3.0 mm 
Creep Pellet length= 9.9 mm,  diameter = 5.5 mm 
  
Table 5.2: Sintering details and conditions  
 Sintering Conditions 
Pellet A sintered at 600°C for 2 hours & 1450 °C for 4 hours  
(Argon furnace) 
Pellet B sintered at 600°C for 2 hours & 1450 °C for 4 hours  
(Argon furnace) 
Pellet C sintered at 600°C for 2 hours & 1500 °C for 4 hours  
(Argon furnace) 
Tile Specimen sintered at 600°C for 2 hours & 1400 °C for 8 hours 
(Vacuum furnace) 









Figure 5.2:  Feedstock particle size distributions for U3Si2 samples.  Tile samples and 
creep pellet samples were made using the same feedstock as that of Pellet C. 
 





































































































Pellet A u u u  u u u u  
Pellet B u u u  u u u u  
Pellet C u u u  u u u u  
Tile Sample u u    u u u u 
Creep Pellet u u u u  u    
 
5.3 SAMPLE PREPARATION: 




Each sample was polished using a sequence of SiC grinding disks with 
progressively finer grit (240, 400, 600, 800, 1200) at 5 minutes each. Samples were then 
polished using 9µm, followed by 1µm diamond paste on a LeCloth polishing disk at 10 
minutes each.  
Samples were mounted in a high strength epoxy for resistivity and indentation 
testing.  The tile sample was used as-sintered for impulse excitation testing.   
It should be noted that Pellet C was fractured using a mortar and pestle and 
attempt was made to grind the fragment into powder for powder X-ray diffraction 
(PXRD).  The fragment was pyrophoric and oxidized heavily when mechanical energy 
was used to crush the sample.  Since the powder was oxidized, XRD was instead 
performed on a polished surface of each pellet sample.  
5.4 GRAIN SIZE ANALYSIS: 
Los Alamos National Laboratory (LANL) was able to reveal grains of highly 
polished U3Si2 without the use of an etchant using polarized light microscopy. [White 
2015] The average grain size was found to be approximately 35 µm in diameter.  A 
polarized light contrast system (polarizer and analyzer) was acquired for the University of 
South Carolina’s (USC) Keyence optical microscope in order to replicate LANL’s 
imaging technique.  Each pellet was polished using a1 µm diamond-polishing compound 
as the final step.  When the pellets were examined with polarized light microscopy, grain 
boundaries could not be observed.  This motivated the use of chemical etching to reveal 
grain boundaries.  
Uranium silicide literature was reviewed for chemical etching techniques; 




refractory uranium compounds references nitric acid or a nitric acid mixture as an etchant 
in two separate reports. The summary report on refractory uranium compounds includes a 
micrograph image of grain boundaries in U3Si2 [Taylor 1961].   The corresponding 
Figure description states that a Nitric acid-Acetic Acid-Water etchant was used.  No other 
details concerning the etchant concentration or application technique are provided.   In a 
related quarterly report, Taylor states, “etching with nitric acid showed what appeared to 
be small cracks in the U3Si2 grains filled with an unetched phase, presumable free 
silicon.”[Taylor 1960] Again, no additional details concerning the concentration of the 
acid or application procedures are given.   The Smithells Metals Reference Book 
discusses chemical etching of uranium and uranium alloys. [Gale 2003] The book 
suggests a solution of 50cc Nitric acid to 100cc water and says that etching may take 
between 15 and 45 minutes.  Since the concentration of nitric acid is not explicitly stated 
in the book, it is assumed that the authors meant the standard concentration of HNO3, 67 
w/v%.  Additionally, the book states that chemical etching alone does not sufficiently 
reveal grain boundaries in some uranium compounds.  In such cases, polarized light 
microscopy must be used in addition to chemical etching.   
Chemical Etching at USC: 
Given the information in the literature, diluted nitric acid (20 w/v%) was selected 
to etch U3Si2 pellets at USC.  Care was taken to prevent overetching and pitting of the 
pellets.  The nitric acid was swabbed onto the surface and lightly massaged into the pellet 
surface using the end of the cotton swab.  At the outset, samples were etched in 
increments of 30- 60 seconds before being washed with deionized water.  After each 




appearance of the microstructure informed the length of time for the next incremental 
etching.   Table 5.4 is a timeTable for the application of Nitric acid to the surface of each 
pellet.  For a given pellet, each row indicates the incremental etching time as well as the 
total time.   
The etching of pellets A and C proceeded reasonably well and after approximately 
20 minutes, each pellet was sufficiently etched to the point that grain boundaries were 
clearly visible with polarized light microscopy.  On the other hand, after 10.5 minutes of 
etching Pellet B (a final application of 5 minutes), the surface began to develop a bluish 
tint.  It was determined that the sample had likely been overetched. For pellets A and C, 
the application of nitric acid for 5 minutes yielded good results and did not overetch the 
pellet surfaces.  Given that Pellet B was the most porous of the three pellets, it is believed 
the nitric acid seeped into the pores and accelerated the etching process.   The surface of 
Pellet B was repolished to remove the pitting and surface staining so that etching could 
be resumed in shorter increments of time.   
Given that the tile shaped specimens and creep pellet samples have 
microstructures like that of Pellet C, those samples were etched using the etching 
schedule for Pellet C. The incremental etchant application time can be increased to 
expedite the process; however, precaution should be taken in increasing the etching time 













After every acid application, the pellets were imaged.  The following images 
show the ultimate grain structure of each sample.   Each image was obtained using a 
polarized light filter. 
 
Date%of%Etch
Etched%Time Total Etched%Time Total Etched%Time Total
5/28/15 60 60 30 30 30 30
90 150 0000 0000 30 60
90 240 0000 0000 60 120
0000 0000 0000 0000 60 180
6/1/15 120 360 0000 0000 0000 0000
120 480 0000 0000 0000 0000
120 600 0000 0000 0000 0000
150 750 0000 0000 0000 0000
6/2/15 300 1050 0000 0000 0000 0000
6/4/15 60 1110 300 330 120 300
0000 0000 300 630 120 420
0000 0000 0000 0000 120 540
0000 0000 0000 0000 120 660
6/8/15 120 1230 180 840
120 1350 120 120 300 1140
0000 0000 120 240 0000 0000
0000 0000 120 360 0000 0000
0000 0000 180 540 0000 0000
0000 0000 120 660 0000 0000
0000 0000 180 840 0000 0000
0000 0000 300 1140 0000 0000
6/11/15 0000 0000 120 1260 0000 0000
0000 0000 120 1380 0000 0000
0000 0000 60 1440 0000 0000
0000 0000 60 1500 0000 0000
0000 0000 60 1560 0000 0000
0000 0000 60 1620 0000 0000
0000 0000 60 1680 0000 0000
0000 0000 60 1740 0000 0000
0000 0000 60 1800 0000 0000
0000 0000 90 1890 0000 0000
0000 0000 90 1980 0000 0000

































Figure 5.6: Micrograph of Tile Sample at 500x magnification. (Incremental etching  







Figure 5.7: Micrograph of Creep Pellet at 1000x magnification. (Incremental etching  
times were increased so that the total etch time was reduced to 10 minutes) 
 
Average Grain Size Determination: 
In order to determine the average grain size for each sample, Image J software 
was utilized. The linear intercept method was used, which requires that a line of known 
length be drawn and the number of grains per unit length, counted.  This process was 
repeated 10 times in the horizontal direction and 10 times in the vertical direction.  The 









Table 5.5:  Average Grain Size Measurements for Pellet A 
Vertical Line Horizontal Line 
Length of Line: 20   Length of Line: 20   
  Measurement #: 
# of  
grains 
Avg Grain 





1 2 10.00 1 1 20.00 
2 3 6.67 2 2 10.00 
3 2 10.00 3 3 6.67 
4 2 10.00 4 2 10.00 
5 1 20.00 5 3 6.67 
6 3 6.67 6 2 10.00 
7 2 10.00 7 4 5.00 
8 3 6.67 8 3 6.67 
9 2 10.00 9 2 10.00 









     
Table 5.6 Average Grain Size Measurements for Pellet B 
Vertical Line Horizontal Line 
Length of Line: 20   Length of Line: 20   
  Measurement #: 
# of  
grains 
Avg Grain 





1 2 10.00 1 2 10.00 
2 3 6.67 2 2 10.00 
3 1 20.00 3 3 6.67 
4 2 10.00 4 2 10.00 
5 2 10.00 5 1 20.00 
6 1 20.00 6 2 10.00 
7 3 6.67 7 2 10.00 
8 2 10.00 8 2 10.00 
9 2 10.00 9 1 20.00 















Table 5.7:  Average Grain Size Measurements for Pellet C 
Vertical Line Horizontal Line 
Length of Line: 50   Length of Line: 50   









1 3 16.67 1 2 25.00 
2 3 16.67 2 3 16.67 
3 2 25.00 3 2 25.00 
4 3 16.67 4 2 25.00 
5 3 16.67 5 3 16.67 
6 2 25.00 6 3 16.67 
7 3 16.67 7 2 25.00 
8 3 16.67 8 4 12.50 
9 2 25.00 9 3 16.67 









     
Table 5.8:  Average Grain Size Measurements for Tile Sample 
Vertical Line Horizontal Line 
Length of Line: 20   Length of Line: 20   









1 2 10.00 1 3 6.67 
2 3 6.67 2 2 10.00 
3 2 10.00 3 4 5.00 
4 3 6.67 4 3 6.67 
5 3 6.67 5 2 10.00 
6 2 10.00 6 2 10.00 
7 2 10.00 7 3 6.67 
8 3 6.67 8 2 10.00 
9 2 10.00 9 3 6.67 
10 3 6.67 10 2 10.00 













Table 5.9:  Average Grain Size Measurements for Creep Pellet 
Vertical Line Horizontal Line 
Length of Line: 50    Length of Line: 50   









1 2 25.00 1 2 25.00 
2 2 25.00 2 2 25.00 
3 2 25.00 3 2 25.00 
4 2 25.00 4 3 16.67 
5 3 16.67 5 2 25.00 
6 2 25.00 6 2 25.00 
7 3 16.67 7 2 25.00 
8 2 25.00 8 3 16.67 
9 2 25.00 9 2 25.00 









     
 
Discussion of Microstructure: 
The average grain sizes for pellets A (10.08 µm) and B (11.83 µm) were similar.  
This is likely due to their similar sintering conditions (1450°C).  The grains in pellet C 
were nearly twice the diameter of those in Pellets A and B.  Pellet C’s fine particle size 
distribution and higher sintering temperature (1500 °C) improved diffusion processes 
during fabrication and likely led to the formation of larger grains. The creep pellet was 
fabricated in identical conditions to Pellet C (same feed stock particle size distribution 
and sintering schedule).   As a result, the Creep pellet and Pellet C have overall the same 
average grain, 22.92 µm and 19.38 µm, respectively.  The Tile sample had the smallest 




1400 °C.  The tile sample was sintered for twice the holding time as the other samples (8 
hours vs. 4 hours).  The fact that the tile specimen retained extremely small grains even 
when exposed to prolonged temperature indicates that a higher temperature is required 
for significant grain growth, and the activation of diffusion processes in U3Si2.  
Examination of Figures 5.3-5.7 also reveals microstructural details about U3Si2 
beyond grain size.  Figure 5.3 (Pellet A) shows pores are angular, which means they were 
not fully sintered.  This behavior is also seen in Pellet B (Figure 5.4), which has large 
interconnected pores. Both Pellet A and Pellet B were sintered at 1450°C while Pellet C, 
which has highly rounded pores (Figure 5.5), was sintered at 1500°C.  This would 
suggest that a temperature of at least 1500°C is required to complete the sintering 
process.  There is also a wide distribution of tiny pores in Pellet C, many of which appear 
as fabricated. In fact, some look like gas bubbles.  Similar small pores are seen in the Tile 
sample (Figure 5.6); these pores seem to outline the grain boundaries.  Much like a 
second phase precipitate, these small pores or gas bubbles will have the effect of pining 
grain boundaries and inhibiting grain growth and diffusion across grains. 
5.5 POROSITY ANALYSIS: 
Porosity of a solid is the percentage of void space in the solid.  The porosity of the 
U3Si2 samples can be an indication of its mechanical integrity and reveal important 
details about the corresponding effects of the heat treatments on each sample.  One of the 
greatest influences of the fuel’s porosity will be on its thermal conductivity.  The thermal 
conductivity of fuel decreases with increasing porosity as the pores reduce the effective 
area for heat transfer [Kurt, 2007]. The total porosity in a solid consists of both open and 




penetrate under pressure.  Closed pores are not open to any surface and are inaccessible 
to penetrating fluids.  Open porosity and pore size was characterized through optical 
imaging and mercury intrusion porosimetry.  These results agree with density results 
acquired through gas pycnometry.   
 
5.5.1 PORE SIZE DISTRIBUTION (OPTICAL IMAGING): 
Optical imaging of the samples was performed using a Keyence VHX-5000 series 
microscope. The polished surfaces of each sample have been imaged and analyzed for 
pore size distribution and observed porosity.  
The Keyence imaging software can provide post processing of all recorded 
images. The measurement module was used to analyze pore sizes in each sample.  Color 
contrast was used to highlight pores in each image.  The processing software then 
determines the maximum diameter, minimum diameter, area, and perimeter of each pore, 
which in turn, provided an estimation of porosity. The fraction of porosity is calculated 
by determining the surface area of each image occupied by pores. Using this technique, 
pores were found to be 5.5% of the image surface of Pellet A; 12.4% of the image surface 
of Pellet B; 2.2% of the image surface of Pellet C; 3.51% of the image surface of the tile 
sample; and 4.7 % of the image surface of the creep pellet.  These values were confirmed 
using gas pycnometry for density testing.   
The distributions of average pore sizes for each pellet are provided in the 
following graphs.  Two peaks were observed in Pellets A and B; the first between 0-0.2 
µm and the second between 1-2 µm. The majority of pores fell between the two peak pore 
sizes in Pellet A.  On the other hand, Pellet B pores trended toward larger diameters 




showed the fewer small pores (below 1 µm) than Pellets A and B; likely due to the higher 
surface diffusion offered by a bimodal size distribution. It should be noted that at low 
magnifications, several prominent large pores (> 50 µm) were observed in Pellet C.  No 
such pores were observed in Pellets A or B.  
The peak pore size of the Tile specimen was similar to that of Pellets A and B, in 
that it showed two characteristic peaks.  The Tile sample had one peak between 0-0.2 µm 
and another between 2-3 µm.  It is believed that the high frequency of pores between 2-3 
µm are due to the lower sintering temperature of the Tile relative to the sintering 
temperature used for Pellets A, B, and C.  Higher sintering temperatures would certainly 
reduce pore size and would likely cause the peak of 2-3 µm to shift down towards 0.9-1 
µm like the other pellets. The Creep pellet also had a large peak between 0-0.2 µm, like 
Pellets A and B and the Tile sample. Another broad peak was noted between 0.9 and 3 
µm for the Creep Pellet.  Aside from the peak between 0-0.2 µm, there were fewer small 
pores compared to the other samples. This is likely due to the higher density of the 
sample.  The creep pellet was pressed in a die with smaller diameter than that used for 
Pellets A, B, and C.   The smaller die dimensions provided more favorable pressing 
conditions, which resulted in a higher density green body compact.  Although the tile 
specimen used a different die as well, the overall green body density was nearly the same 








Figure 5.8:  Selected pore set from pellet A (1000X magnification;  











Figure 5.9: Pellet A Histogram- distribution of average pore diameters  
 
Table 5.10: Pellet A- Statistics of Measured Pores 








Average 1.6 2.6 0.9 4.5 
Standard Deviation 2.2 13.2 1.3 7.8 
Max 36.4 277.3 18.5 140.5 
Min 0.3 0.1 0.1 0.7 
Total 2775.4 4567.5 1569.6 8000.7 
 
Table 5.11: Pellet A- Calculated Area Fraction of Pores  
Total pore area (µm²) 4567.5 
Total region area(µm²) 82412.3 










Figure 5.10: Selected pore set from pellet B (1000X magnification;  









Figure 5.11: Pellet B Histogram- distribution of average pore diameters  
 
Table 5.12: Pellet B- Statistics of Measured Pores 








Average 2.0 4.0 1.0 7.4 
Standard Deviation 3.4 17.2 2.1 18.7 
Max 35.4 296.6 28.5 281.4 
Min 0.3 0.1 0.1 0.8 
Total 5201.8 10234.9 2610.7 19121.6 
 
Table 5.13: Pellet B- Calculated Area Fraction of Pores  
Total pore area (µm²) 10234.9 
Total region area (µm²) 82412.3 








Figure 5.12: Selected pore set from Pellet C (1000X magnification;  







Figure 5.13: Pellet C Histogram- distribution of average pore diameters  
 
Table 5.14: Pellet C- Statistics of Measured Pores 








Average 1.8 2.2 1.0 5.0 
Standard Deviation 1.4 3.5 0.8 4.1 
Max 10.5 30.3 5.5 32.1 
Min 0.3 0.1 0.1 0.8 
Total 1453.4 1836.6 842.6 4106.3 
 
Table 5.15: Pellet C- Calculated Area Fraction of Pores  
Total pore area (µm²) 1836.6 
Total region area(µm²) 82412.3 








Figure 5.14: Selected pore set from Tile Sample, (1000x magnification; 






Figure 5.15: Tile Sample Histogram- distribution of average pore diameters  
 










Average 2.0 5 1.1 5.5 
Standard Deviation 3.1 12.7 1.6 8.5 
Max 30.4 157.8 13.6 76.3 
Min 0.2 0.1 0.1 0.4 
Total 1132.0 2895.8 653.0 3161.6 
 
Table 5.17: Sample 4 -Calculated Area Fraction of Pores 
Total pore area (µm²) 2895.8 
Total region area(µm²) 82412.3 








Figure 5.16: Selected pore set from creep pellet 1 (500x magnification; 







Figure 5.17: Creep Pellet 1 Histogram- distribution of average pore diameters  
 










Average 2.9 6.9 1.4 8.1 
Standard Deviation 3.9 17.3 1.8 11.4 
Max 59.3 458 21 180 
Min 0.4 0.2 0.1 0.8 
Total 6783.6 15962.4 3299.2 18742.2 
 
Table 5.19: Creep Pellet 1- Calculated Area Fraction of Pores  
Total pore area (µm²) 15962.4 
Total region area(µm²) 334382.6 







Density of the four pellet samples was measured using gas pycnometry. 
Pycnometry uses gas displacement to determine the volume occupied by each pellet 
sample. By knowing the mass of the pellets, the density and percent theoretical density 
can be determined. The volume of each sample was measured 10 times to insure that 
values were consistent and reproducible (see Table 5.20).  The average volume was used 
in computing the density of each pellet (shown in Table 5.21).  The theoretical density of 
U3Si2 is 12.2 g/cm3. Gas pycnometry was not performed on the tile specimen because it 
was too large to fit in the pycnometer’s sample holder. 




Pellet A Pellet B Pellet C Creep Pellet 
1 0.3274 0.3482 0.2594 0.2023 
2 0.3273 0.3478 0.2592 0.2022 
3 0.3274 0.3480 0.2593 0.2023 
4 0.3274 0.3473 0.2591 0.2022 
5 0.3273 0.3470 0.2591 0.2022 
6 0.3274 0.3487 0.2593 0.2025 
7 0.3273 0.3474 0.2594 0.2024 
8 0.3271 0.3478 0.2591 0.2019 
9 0.3272 0.3473 0.2593 0.2023 
10 0.3273 0.3470 0.2591 0.2025 
 
Table 5.21:  Density of Pellets 
  Mass (g) Volume (cm3) Density (g/cm3) %TD  
Pellet A 3.7636 0.3273 ± 0.0001 11.4982 ± 0.0035 94.25  ± 0.03 % 
Pellet B 3.7815 0.3477 ± 0.0005 10.8773 ±0.0167 89.16 ± 0.14 % 
Pellet C 3.1040 0.2593 ± 0.0001 11.9729 ± 0.0057 98.14 ± 0.05 % 





The calculated densities of the pellets are consistent with the observed porosity 
determined through optical microscopy imaging.  Additionally, the different particle size 
distributions used in fabricating the pellets is reflected in the as-sintered porosities.  The 
bimodal feed stock powder used for the Creep Pellet and Pellet C resulted in a much 
denser pellet compared to A & B. Between Pellet A and B, pellet A had a wider particle 
size distribution which resulted in a denser green body compact and denser as-sintered 
pellet.  The particle size distribution of the feed stock powder used for Pellet B, featured a 
narrower peak of single size particles, when compared to Pellet A. Since smaller particles 
weren’t available to fill voids in the sample, Pellet B resulted in the lowest density pellet.   
 
5.5.3 MERCURY INTRUSION POROSIMETRY: 
Mercury intrusion porosimetry was performed using a Quantachrome PoreMaster 
33.  The nature of the analysis prevents test specimens from being used for future 
characterization efforts.  For this reason, only the single Creep pellet was analyzed using 
mercury porosimetry.  
The porosimeter calculates pore size by relating the increasing volume of intruded 
mercury to the intrusion pressure.  By acquiring data in intervals, the instrument is able to 
estimate a pore size distribution.   The overall volume of mercury intruded in the sample 
can be used to determine open porosity in the sample.   
Open porosity of specimens will be determined using a Quantachrome Poremaster 
33 mercury porosimeter.  The principle of open porosity provides that if a fluid is pressed 
into the pore of a given solid under pressure, the fluid will occupy the volume of the 




the penetrating liquid.  If the V is the volume of the bulk sample and Vl is the volume of 
the penetrated liquid, then the open porosity can be described by the following: 
% Open Porosity=100 x (Vl /V). 
The mercury fluid pressure can be used to determine pore size [ASTM E1876-09, 
2009].  As the pressure is increased, the fluid will penetrate pores of smaller sizes.  If the 
pores are assumed to be cylindrical, then the work required to fill a pore whose radius is r 
and length l is given as: 
W1 = 2πrlγcos(θ), 
where γ is the surface tension of the fluid and θ is the contact angle.  Additionally, 
it is known that the work required to force mercury into a pore whose radius is r and 
length l is given as: 
W2 = Pπr2l, 
where P is the applied pressure.  Since W1= W2, the two equations can be set equal to one 
another giving: 
Pr = 2γ cos(θ)  [psi-µm], 
where γ and cos(θ) are constants.  The typical values of γ and cos(θ) for mercury are 480 
dynes/cm and 140°, respectively. Thus, by knowing the values of γ and cos(θ) in addition 
to the intrusion pressure, the pore diameter can be calculated.  The pore size distribution 
can also be calculated using the change in intruded mercury volume and pressure at 
different intervals. If dV is the elemental change in the penetrated volume into pores of 
radii between r and r+dr, then  




where D(r) is the volume pore size distribution function, given as the pore volume per 
unit interval of radius.  Additionally, by differentiating the equation relating applied 
pressure, P, and radius, r, the following relation is 
dr = -r dP/P. 
When the resulting dr is substituted into the prior equation, the distribution can be 
calculated based on the incremental values of the volume at each step in pressure 
 D(r) = (P/r)dV/dP. 
Thus, it is possible to obtain the open porosity of each sample as well as the contributing 
pore size distribution. 
A histogram of normalized intruded volume of mercury vs. pore size is shown in 
Figure X.  The pore size distribution features a peak between 0.5 µm and 1.0 µm.  
Another interesting feature is the presence of a few pores between 90 µm and 200 µm.    
These pores were larger than any observed on the surface of the pellet samples, and could 
possibly be due to the porosimeter misinterpreting the EDM’d notches as pores on the 
creep pellet surface.   
The volume of mercury intruded in the sample was 0.005 cm3/g.  This value was 
multiplied by the sample weight to determine the total volume of mercury intruded in the 
sample (0.0120 cm3/g).  This volume of mercury intruded in the sample was divided by 
the volume of the sample, as determined through gas pycnometry. This value provided 
the percent of the sample occupied by mercury. This in turn is a measurement of closed 
porosity in the sample.  The details of the calculation are tabulated in Table 5.22.  The 
porosity of the sample was found to be 5.96%, which means that the sample is at most 




from gas pycnometry (97.7%TD).   To investigate the discrepancy, the weight of the 
sample after testing was compared to that after testing.  Weight gain was attributed to 
trapped mercury and was used to calculate a minimum amount of mercury intruded in the 
sample.  By multiplying the gained mercury weight by the density of mercury, the 
volume of trapped mercury was calculated (0.0151 cm3).  This value was then compared 
to the volume of the sample as determined through gas pycnometry.  Using this method, 
the mercury was found to be 7.46% of the sample (details shown in Table 5.23).  This 
value was even greater than that previously calculated through porosimetry results and 
significantly larger than that as determined from gas pycnometry.  It should be noted that 
the gas pycnometer is a far more accurate measure of volume and density than the 
mercury porosimeter.  The mercury porosimeter has in fact had technical problems in the 
past.  It’s likely that some of the discrepancy is due to the instrument itself. There is still a 
sizable discrepancy between the gas pycnometry density results and those of the 
“mercury weight gained” calculation.  It is possible that the specimen had microcracks, 
which provided a pathway for mercury.  This would explain the large volume of mercury 
intruded relative to the porosity determined through gas pycnometry and optical 






Figure 5.18: Pore Size Histogram 
 
Table 5.22: Porosity Calculation Details (Normalized Mercury)  
Intruded volume 0.005 cm3/g 
Sample weight 2.4098 g 
Intruded volume in sample 0.0120 cm3 
Sample volume determined from pycnometry 0.2023 cm3 
% of volume occupied by Hg (estimation of porosity) 5.96 % 







Table 5.23:  Porosity Calculation Details (Weight Gained in Mercury)  
Weight of sample before porosimetry 2.40976 g 
Weight of sample after porosimetry 2.61431 g 
Weight Gain 0.20455 g 
Density of Hg 13.546 g/cm3 
Volume of Hg 0.0151 cm3 
Volume of sample from pycnometry 0.2023 cm3 
Porosity of sample 7.46 % 
5.6 XRD & SECOND PHASE ANALYSIS: 
5.6.1XRD: 
XRD was performed on polished surfaces of pellets A, B, and C in order to 
confirm composition. A Cu-Kα source was used over a measurement range of 5°-65° 
with a scanning rate of 1°/min.  As can be seen in Figure 5.19, a spectrum overlay for all 
three pellets shows good agreement between samples.  
 
 





JADE software was used to identify and match peaks in the XRD spectrums. The 
results of the peak matching indicate that each pellet is U3Si2 with minor deviations due 
to impurities. The PDF card data associated with U3Si2 is taken from [Zachararisen1949].  
An attempt was made to find a more recent data file for U3Si2; however, Zachariasen is 
the only literature source for U3Si2- even the more current PDF cards reference back to 
the original Zachariasen article. Since the spectrums of the three samples show good 
agreement, the overlay of the U3Si2 spectrum is shown for pellet C in Figure 5.20. When 
peak searching was performed, no other U/Si compounds matched the spectrum of the 
three pellets.  The spectrum shows the presence of minor impurities at the higher angles.  
Secondary precipitate phases were confirmed through electron backscatter imaging and 
electron dispersive spectroscopy and are discussed in the following section.   
 
 




5.6.2 IDENTIFICATION OF SECOND PHASE PRECIPITATES: 
Energy dispersive X-ray spectroscopy (EDS) was performed on pellets A, B, and 
C as well as the Tile sample.  The EDX results were used to determine the composition of 
the samples and identify second phase precipitates.  The imaged surface of each sample 
was ground and polished the day of microscopy.  The sample was mounted to an SEM 
sample stub using double-sided carbon tape.  SEM with BSE was used to image the 
samples in order to apply compositional contrasting.  The beam voltage was fixed at 
20kV for all images.  For each scanning electron (SE) image, a corresponding BSE image 
was recorded.  In all EDX examination, the uncertainty in the Uranium Weight % 
calculation was ± 3.00 %.  The uncertainty in the Silicon content was negligible.  In 
cases, where precipitate composition did not match a stoichiometric U-Si compound, the 
uncertainty in the U- weight% was factored in to allow for phase determination.  The 
resulted in positive phase determination for nearly every point analyzed.  The 
compositions of possible U-Si-O compounds are provided in the following two Tables.  
Table 5.24:  U-Si Compounds 
Uranium Compounds by Wt % 
Compound Wt % U Wt% Si 
U3Si2 92.71% 7.29% 
U3Si 96.22% 3.78% 
USi 89.45% 10.55% 
U3Si5 83.57% 16.43% 
USi2 80.91% 19.09% 








Table 5.25: U-O-Si Compounds  
Uranium Compounds by Wt % 
Compound Wt % U Wt% Si Wt % O 
UO2 88.15% 0% 11.85% 
U3Si2O 90.82% 7.14% 2.03% 
U3Si2O2 89.01% 7.00% 3.99% 
USiO 84.37% 9.96% 5.67% 
USiO2 79.85% 9.42% 10.73% 
 
Pellet A: 
An SE image of pellet A is shown in Figure 5.21, with the corresponding BSE 
image of the same region in Figure 5.22. EDX was performed on areas of the surface as 
shown in Figure 5.23. 
 
 




















Table 5.26: EDX composition results for the four regions  
shown in Figure 5.23. 
  Point 1 Point 2 Point 3 Point 4 
Wt % U 85.27 91.9 90.55 84.99 
Wt % Si 14.73 8.1 9.45 15.01 
Wt % O 0 0 0 0 
Composition U3Si5 U3Si2 USi U3Si5 
 
The bulk material in pellet A was identified at U3Si2.  The darkest precipitates in 
the pellet are likely U3Si5.  The medium grey precipitate is likely USi.  No Oxygen was 
identified in the analysis.   
 
Pellet B: 
An SE image of pellet B is shown in Figure 5.24, with the corresponding BSE 
image of the same region in Figure 5.25. EDX was performed on areas of the surface as 
shown in Figure 5.26. 
 
 





















Table 5.27: EDX composition results for the three regions shown in Figure 26. 
  Point 1 Point 2 Point 3 Point 4 Point 5 Point 6 
Wt % U 75.13 91.42 92.23 75.69 90.98 91.79 
Wt % Si 24.87 8.58 0.5 24.08 7.11 8.21 
Wt % O 0 0 7.27 0.23 1.91 0 
Composition USi3 U3Si2 UO2 USi3 U3Si2O  U3Si2 
 
The SE image in Figure 5.24 shows the high degree of porosity associated with 
Pellet B. This is reasonable since pellet B was fabricated using the coarsest particle size 
distribution of the three pellets (see Figure 5.2).   The bulk material in pellet B was 
identified at U3Si2.  However, precipitates are present and seem to outline the U3Si2 
grains.  The large precipitate at point 1 was identified as USi3.   Point 4 was also 
identified as USi3.  The region at point 3 was rich in Uranium and Oxygen.  Although not 
perfectly stoichiometric, the phase matches the composition of UO2 if the uncertainty in 
uranium weight percent is taken into account.  The 0.5 wt% Silicon identified at that 
point was likely due the bulk material and not the precipitate, itself. Point 5 had the 
composition of U3Si2, with a small wt% of O at the expense of U.  This composition 
matches that of U3Si2O.   
Pellet C: 
An SE image of pellet C is shown in Figure 5.27, with the corresponding BSE 
image of the same region in Figure 5.28. EDX was performed on areas of the surface as 


















Figure 5.29:  EDX was performed on six regions in Pellet C. 
 
Table 5.28: EDX composition results for the three regions shown in Figure 5.29. 
  Point 1 Point 2 Point 3 Point 4 Point 5 Point 6 
Wt % U 93.25 75.92 92.04 91.23 76.06 91.86 
Wt % Si 0 23.95 7.96 8.77 23.94 8.14 
Wt % O 6.75 0.13 0 0 0 0 
Composition UO2 USi3 U3Si2 U3Si2 USi3 U3Si2 
 
The bulk material in pellet C was identified at U3Si2.  The light grey precipitates 
at points 2 and 5 were identified as USi3.   Regions of USi3 were also identified in pellet 









picked up the composition of the background material, U3Si2. Given the dark color 
relative to the other identified precipitates, the phase at point 4 is likely U3Si5. The large 
precipitate at point 1 was comprised of only uranium and oxygen.  While not perfectly 
stoichiometric, the phase is likely UO2.  
 
Tile Sample: 
An SE image of the Tile sample is shown in Figure 5.30, with the corresponding 
BSE image of the same region in Figure 5.31. EDX was performed on areas of the 
surface as shown in Figure 5.32. 
 
 



















Table 5.29: EDX composition results for the three regions shown in Figure 5.32. 
  Area 1 Point 2 Point 3 Point 4 
Wt % U 92.66 98.36 89.83 93.75 
Wt % Si 7.35 0 10.16 6.27 
Wt % O 0 0.13 0 0 
Composition U3Si2 UO2 USi U3Si2 
 
The bulk material in the Tile was identified at U3Si2.  Second phases in the Tile 
specimen appear to lie along grain boundaries.  The light grey precipitate at point 2 was 
Uranium rich.  It is unlikely that the phase is pure uranium metal; instead, UO2 is the 
more likely the composition. Point 3 was identified as USi.   Regions of UO2 were also 
identified in pellets B and C.  USi was identified in pellet A. 
Conclusion: 
EDX was performed on each sample and confirmed the base material was U3Si2.  
Each sample exhibited second phase precipitates, which are summarized in Table 5.30.  
The second phase precipitates in Figures 5.25 and 5.31 appear to lie along grain 
boundaries.  If the second phase precipitates in U3Si2 do in fact lie along grain 
boundaries, they will pin them during diffusion processes.  Most notably, grain boundary 
creep in the thermal regime would be hindered.  The second phases would not inhibit 
creep in the irradiation regime since creep occurs within the grain itself, as defects are 
created and made mobile.  With the exception of U3Si5, all of the U-Si second phases 
have a melting temperature lower than that of U3Si2.  The U-Si second phases could 
degrade the fuel structure if a commercial U3Si2 fuel rod were to experience an 
unforeseen rise in temperature (LOCA, RIA, etc.).   
Relative to pellets A and B, and the Tile sample, Pellet C shows better diffusion 




shape of the second phase precipitates also may imply that at the higher sintering 
temperature, the second phase was molten.  Overall, the high frequency of second phase 
precipitates shows that the fabrication process needs refinement. In order to consider this 
U3Si2 fuel “high quality” and high purity, the number of second phase precipitates need to 
be reduced.   Sintering under vacuum, and reducing the excess silicon content used in 
producing the U3Si2 arc-melted buttons, should yield higher purity samples.  The fact that 
such care is needed in the fabrication process to avoid formation of second USix and 
oxide phases presents a challenge when scaling up to commercial fabrication. Additional 
EDX analysis was performed on the areas surrounding Vickers indentations.  These 
results are discussed in the upcoming section on hardness and toughness testing. 
 
Table 5.30: Summary of Second Phases 
Second Phase Precipitates 
Pellet A USi, U3Si5  
Pellet B USi3, UO2, U3Si2O 
Pellet C UO2, USi3 
Tile Sample USi, UO2 
 
5.7 ELASTIC PROPERTIES: 
Impulse excitation technique was used to determine the Young’s and Shear 
Moduli of a tile specimen, which allowed for the determination of the Poisson ratio of 
U3Si2.  
A U3Si2 tile specimen  (shown in Figure 5.33) was used to determine elastic 
properties of U3Si2 at room temperature. The tile geometry is summarized in Table 5.31.  
Using ASTM E 1876, the flexural frequency can be related to the Young’s modulus of a 




related to the Shear Modulus. Depending upon whether flexural frequency or torsional 
frequency was measured, the sample was positioned on support wires as in the 
configurations shown in Figures 5.34 and 5.35.   
Although three U3Si2 specimens were shipped to USC from INL, only one 
survived transport intact.  This limited the testing to a single sample.  Given that the tile 
was fabricated using the same feed stock and sintering conditions as the tile used in grain 
size and pore size analysis, the microstructure is comparable.  Thus, the specimen used 
for impulse excitation is expected to be around 96.5 % TD.  
 
 
Figure 5.33: U3Si2 tile specimen 
 
Table 5.31: U3Si2 tile specimen geometry 
Sample   
Dimensions   
Length (mm) 20.5 
Mass (g) 9.91073 
Thickness (mm) 3.0 







Figure 5.34: Position of tile sample relative to support wires, impulse 





Figure 5.35:  Position of tile sample relative to support wires, impulse  
(hammer tap), and microphone for measuring flexural frequency. 
 
Eighty measurements were taken in both flexural and torsion modes.  
Additionally, the microphone and “hammer” were moved around the sample to check for 
repeatability throughout the sample at different nodes and antinodes. .  After the resonant 
frequency was identified for flexural and torsion modes, ASTM E 1876 was used to 


























The sample was first tested in torsion mode in order to determine the torsional 
frequency.  Following testing in torsional mode, the sample was tested in flexural mode.   
After approximately thirty tests in flexural mode, a small chip was noticed near 
the corner of the tile and removed.  Testing was resumed.  The results for Young’s and 
Shear modulus based on all test results are shown in Figure 5.36. 
 
Figure 5.36:  Young’s Modulus and Shear Modulus as determined by impulse excitation 
technique.  Data points are for 80 individual tests in both torsional and flexural modes. 
 
The average Young’s modulus and Shear modulus were used to calculate the 
Poisson ratio for U3Si2.  Results of all test data are summarized in Table 5.32. 
Table 5.32: Elastic Properties of U3Si2  
All Test Data 
Average E (GPA) Average G (Gpa) Poisson Ratio 





It is likely that the visible chip in the sample was present before it was visible in 
the sample.  The best estimation for Young’s modulus data prior to damage or cracking is 
obtained if only the first fifteen tests are used.  This data set is shown in Figure 5.36.  An 
updated calculation for Young’s modulus and Poisson ratio is summarized in Table 5.33. 
Table 5.33: Elastic Properties of U3Si2 as determined  
from impulse excitation—updated Young’s Modulus 
Using Data Prior to Damage for Young’s Modulus  
Average E (GPA) Average G (Gpa) Poisson Ratio 
119.1 ± 0.1 50.2 ± 0.3 0.186 ± 0.001 
 
Literature values for the room temperature elastic properties of U3Si2 are provided 
by [Shimizu 1965, Taylor 1961, and Bauer 1962].  Shimizu provides Young’s modulus 
values of 52.4 GPa for arc cast samples and a range of 63-140 GPa for induction cast 
samples. Bauer provides a value of 138 GPa for the Young’s modulus of arc cast 
samples.  Only Taylor and McMurtry tested sintered samples. Whereas Shimizu and 
Bauer only provided a value of Young’s modulus, Taylor provides Young’s and Shear 
moduli, as well as Poisson ratio over a range of sample densities. Given the similar 
fabrication route, Taylor’s data is most appropriate for comparison to USC results.  Two 
graphs of Young’s and Shear Modulus as a function of percent theoretical density have 
been reproduced from Taylor’s annual report [Taylor 1961] and are provided in Figures 
5.37 and 5.38.  In each Figure a dashed black trend line was drawn through the data 
points.  The lowest two points were considered outliers on the graph of Young’s modulus 
and not used to construct the trend line.  Red dashed lines illustrate the intersection of the 
trend line with the approximate density (97%) of the USC tile sample.  The Taylor data 




106 PSI or 120 GPa.  Similarly, the Taylor data suggests that a 96.5%TD sample would 
have a Shear modulus of approximately 7.25 x 106 PSI or 49.98 GPa.  These values agree 
very well with the results obtained at USC for both the Young’s modulus and Shear 
modulus of U3Si2.  The Poisson ratio obtained using the USC data is also within the range 
expected using the Taylor data.  A reproduced Table of Poisson ratio as a function of % 
Theoretical density is given in Table 5.34.     
 
 
Figure 5.37:  Variation of Young’s Modulus with Density  













Figure 5.38:  Variation of Shear Modulus with Density  
Taken from Taylor-McMurtry annual report [Taylor 1961]. 
 
Table 5.34:  Poisson Ratio for different density U3Si2 specimens. 
Reproduced from Taylor-McMurtry annual report [Taylor 1961] 
Bar Number % Theoretical Density Poisson Ratio 
1 90.2 0.161 
2 93.4 0.181 
3 97.1 0.179 
4 97.1 0.185 
5 97.7 0.185 
  
It should be noted that the ASTM standard is for a rectangular bar shaped 
specimen. Chamfered edges and rounded corners of a tile can reduce the cross sectional 
7.25 x10
6 




moment of inertia and slightly alter the relationship between density and the physical 
dimension of the bar.  Quinn & Swab describe a correction factor for rounded edges in 
the calculation of Young’s modulus by impulse excitation device [Quinn 2000].  The 
correction factor includes terms for the inertia of a perfect rectangular beam (Ib) and the 
inertia of rounded edge beam (It).  This correction factor can be applied to the value of 
Young’s Modulus previously calculated in order to see the effect of the rounded edges.  
In addition to the known sample geometry, the radius of the curved edge is required to 
calculate the correction factor.  For the tile sample, the radius of the curved edge was 
found to be 1.0 mm.  Using these values and the following equations for the inertia of a 
perfect rectangular beam (Ib) and inertia of rounded edge beam (It), it is possible to 
calculate the corrected Young’s modulus (Ecor).  For the following equations, m is the 
mass, b the length of the bar, d the width, l the thickness, and r is the radius of the curved 
edge. 































Using the values summarized in Table 5.35, the correction factor is found to be 
1.0076.  When 1.01 is multiplied to the Young’s modulus given in Table 5.33 (119.1 
GPa), the corrected Young’s modulus becomes 120.01 GPa.  This is a minimal increase 
in the value of Young’s modulus and still agrees with Taylor’s literature value of 120.66 




Table 5.35:  Values used to calculate correction factor 
Sample Description   
Length 20.5 mm 
Mass 9.91073 g 
Thickness 3.0 mm 
Width 15.7 mm 
Radius of edge 1 mm 
Ib 6611.0681 mm4 
It 6561.1068 mm4 
Ib/It (Correction) 1.0076 
 
There is a similar correction factor for treatment of chamfered edges when 
calculating Shear modulus described Morrell in a National Physical Laboratory report 
[Morrell, 2015]. While the previous correction factor for Young’s modulus is based on 
first principles, the correction factor for Shear modulus is the result of a parametric fit of 
numerous data points.  Additionally, the Shear modulus correction is valid only for 
chamfered edges. Given that the USC sample has rounded corners rather than chamfered 
edges, this correction factor should be taken as an estimate. Morrell’s correction factor 
includes terms for the length, width, and chamfer size of the sample.  Since the curved 
edge radius of the tile sample was found to be 1.0 mm, a chamfered edge of 1.0 mm is 
used in the calculation of chamfered edge.  In reality, a comparable chamfer size would 
be less than 1.0 mm; however, since this correction factor is an estimate, the 1.0 mm 
value was carried over from the Young’s modulus correction.  For the following 
equations, t is the width, b the length of the bar, and c is the length of a 45° chamfer.    





















Using the above equation, the Shear modulus correction factor for a chamfer size 
of 1.0 mm is found to be 1.0099. When 1.01 is multiplied to the Shear modulus given in 
Table 5.33 (50.2 GPa), the corrected Young’s modulus becomes 50.69 GPa.  This is a 
minimal increase in the value of Shear modulus and is an overestimate of Shear modulus 
since the correction factor is given for chamfered rather than rounded edges.  It was 
mentioned previously that a comparable chamfer size should be less than that of a 
rounded edge radius of 1.0mm.  The actual chamfer size generated by a 1.0mm rounded 
edge is more likely on the order of 0.25-0.5 mm.  This range would generate correction 
factors ranging from 1.0024 to 1.0048, respectively.   Similarly, these correction factors 
increase the Shear modulus by 0.1 GPa and 0.2 GPa, respectively. These fall within the 
uncertainly of the Shear modulus measurement (50.2 ±0.3 GPa).  
It should be noted that both [Quinn, 2000 and Morell, 2015] include two 
correction factors; one for correction of missing mass, and the other for correction of 
missing density.  I have spoken with the authors of each report and they both stated that 
the correction for density is not valid; rather density effects are naturally included in the 
mass correction.  Using both correction factors would be inherently flawed.  Both authors 
advised me that their reports are currently being revised to reflect these recent changes.   
Following the test on the tile sample, the sample was squared off to dimensions of 
14.7 mm x 14.5 mm (see Figure 5.39).  The sample was again tested using impulse 
excitation technique.  However, after extensive testing it was determined that reducing 
the sample dimensions prevented the identification of the flexural or torsional frequency. 
Without determination of the flexural and torsional frequencies, it was impossible to 







Figure 5.39: Tile sample after being squared off to 14.7 mm x 14.5 mm. 
5.8 ELECTRICAL RESISTIVITY MEASUREMENT: 
 
Electrical resistivity of samples was measured using the four-point probe method.  
A Cascade Microtech C4S-47/0O four-point probe tip was used in conjunction with a 
Gamry 600 potentiostat.  The C4S-47/0O four-point probe tip is made from Tungsten 
Carbide, has inner probe spacing of 1mm, and requires a loaded weight between 70-180g. 
A fixture was built for the four-point probe tip and connected to a sample holder 
(see Figure 5.40). The sample holder featured an adjustable height stand for samples of 
varying height. The probe tip was fixed to an polycarbonate beam, which allowed for the 
addition of weight during testing.   This fixture system ensured that the probe tip and 
sample remain perfectly level throughout testing. The U3Si2 samples were mounted in a 




weights were added to the top of the probe.  The addition of weight ensures proper 
contact between the probe tips and the sample surface.  
 
 
Figure 5.40: Four point probe setup. 
 
A silicon wafer from University Wafers was used to perform a calibration.  The 
wafer has dimensions of 24.85 mm x 23.37 mm x 0.47mm and quoted resistivity of 0.01-
0.02 ohm-cm.    
For an infinitely thin sheet (thickness much less than probe spacing), the sheet 
resistivity is related to the sheet thickness (t), measured voltage (V) and applied current 








For samples of finite width and non-negligible thickness, the above equation must 
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where t is the thickness of the sample and s is the spacing between probe tips. 
 




Figure 5.41: Table 1 from Smits 1958 “Measurement of Sheet Resistivities  
with the four-point probe.” 
 
Linear interpolation was used to determine the appropriate correction factors for 
U3Si2 and Silicon wafer samples. The Smits correction factor for finite width already 
includes the !"  (!)
!
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The thickness of the Silicon wafer was negligible and only a correction for finite 
width was required.  The correction factor for a 24.85 mm x 23.37 mm rectangle of finite 
width and length is 4.4619.  A current of 0.006A was applied for all measurements on the 
Silicon wafer.  The measured voltage and associated resistivity is summarized in the 
following table. The average value of resistivity is 0.0144 ± 0.00007 ohm-cm, which 
agrees with the range quoted by University Wafers (0.01-0.02 ohm-cm). 
Table 5.36: Voltage across Si Wafer 
Silicon Wafer  
Test # Voltage (µV)  Resistivity (ohm-cm) 
1 0.4148 0.0145 
2 0.4138 0.0145 
3 0.4113 0.0144 
4 0.4125 0.0144 
5 0.4084 0.0143 
6 0.4155 0.0145 
7 0.4100 0.0143 
8 0.4132 0.0144 
9 0.4135 0.0145 
10 0.4135 0.0145 
Average: 0.4126 ± 0.0022 0.0144 ± 0.00007 
 
The sample geometries used to calculate the correction factors for U3Si2 samples 







Table 5.37: Dimensions used to calculate resistivity correction factors in U3Si2 samples. 
Dimensions (mm) 
 
A B C Tile Y 
Thickness (t) 4.20 3.20 3.50 2.80 
Diameter (d) 8.20 8.40 8.10 ----- 
Length  (parallel to probe line) (a) ----- ----- ----- 19.2 
Width (d) ----- ----- ----- 15.5 
Probe Spacing (s) 1.00 1.00 1.00 1.00 
 
Table 5:38:  Correction factors for sample thickness and finite width in U3Si2 samples. 
Correction Factors: 
  A B C Tile Y 
Thickness correction (F1) 0.328 0.423 0.389 0.475 
Finite width correction (Smits-Table 1) (F2) 3.996 4.015 3.986 4.396 
Total Correction Factor (F1*F2) 1.310 1.697 1.552 2.088 
 
Given the good results using the Silicon wafer, the same testing method was 
applied for U3Si2 samples.  Testing consisted of applying a 0.6 A current to the outer two 
probes of the probe tip for twenty seconds.  The voltage was measured each second 
across the two inner probes, for a total of twenty measurements.  The twenty 
measurements were averaged for each test. Tests were repeated ten times per sample, 
which provided an average voltage reading across each sample.  Voltage results are 










Table 5.39:  Voltage across surface of samples 
  Voltage (mV) (Each Test averaged over 20 seconds) 
Test # Pellet A Pellet B Pellet C Tile 
1 0.1240 0.1314 0.1141 0.1250 
2 0.1392 0.1310 0.1213 0.1228 
3 0.1214 0.1400 0.1170 0.1160 
4 0.1216 0.1397 0.1284 0.1067 
5 0.1211 0.1408 0.1257 0.1065 
6 0.1318 0.1304 0.1258 0.1201 
7 0.1387 0.1257 0.1335 0.1169 
8 0.1272 0.1260 0.1347 0.1153 
9 0.1320 0.1502 0.1333 0.1248 
10 0.1330 0.1408 0.1179 0.1133 
Average: 0.1290 ± 0.0069 0.1356 ± 0.0078 0.1252 ± 0.0074 0.1167 ± 0.0067 
 
Using the results of Table 5.39, it is possible to calculate the resistivity for each 
sample.   The results are shown in Table 5.40 and Figure 5.42. 
Table 5.40: U3Si2 Resistivity Results 
  Resistivity (x10-4 Ω-cm) 
Pellet A 1.18 ± 0.06  
Pellet B 1.23 ± 0.07 
Pellet C 1.13 ± 0.07 
Tile Sample 1.14 ± 0.07 
 
The results fall within the bounds of the literature values. The values are above 
those quoted by Shimizu and below those of Taylor and McMurtry.  Shimizu found the 
room temperature electrical resistivity of arc cast U3Si2 was 1.05 x 10-4 Ω-cm [Shimizu 
1965]. Taylor and McMurtry reported a value of 1.50 x 10-4 Ω-cm for U3Si2 [Taylor 1961] 






Figure 5.42:  Resistivity of U3Si2 samples--Literature values shown in red. 
 
Across the sample lot, there is slight a trend between resistivity and porosity.  The 
resistivity increases with increasing porosity in the sample. This makes sense given the 







Figure 5.43:  Resistivity of U3Si2 samples as a function of % porosity.  
 
 
In addition to testing U3Si2, Shimizu also performed resistivity testing on U-Si 
samples of varying Si-content.  His results are shown in Figure 5.43*.  From the figure, it 
is clear that the electrical resistance increases with increasing silicon content.  In reactor, 
as the uranium fissions, the percentage of silicon in the fuel will increase.  The electrical 






Figure 5.44:  Resistivity of U-Si samples as a function of temperature. [Shimizu, 1965] 
5.9 MECHANICAL PROPERTIES: 
A Vickers microindentation characterization method was used to evaluate the 
mechanical properties of U3Si2.  Specifically, indentation testing was performed on 
Pellets A, B, C, and the tile specimen.  A calibration block was used to verify the 
operation of the microhardness tester.  Preliminary indentation testing performed on SiC 
was compared to literature values to ensure reliability of results.   
Vickers hardness testing across the sample was performed using a Beuhler 
Micromet-1 microhardness tester (Buehler Ltd, Lake Bluff, Illinois, USA) with loads of 




made in the prepared sample at 3 load levels.  Polarized light microscopy using a 
Keyence 5000x microscope was used to look at crack behavior through the surrounding 
microstructure in U3Si2.  Additional SEM imaging was used to confirm indentation size.  
Indentation size and crack length were measured using ImageJ image processing 
software.  
5.9.1 HARDNESS AND FRACTURE TOUGHNESS: 
 






where Pmax is the peak indentation load in Newtons and Ac is the projected contact area in 






where F is the force applied in units of kgf and d is the length of the indention diagonal  
in μm.   
Fracture toughness (Pa√m) was calculated using the following relation [Li 1998,  







where α is an empirical constant depending on the geometry of the indenter (0.016 for 
Vickers indenters), E is the elastic modulus (Pa), H is the Hardness (Pa), P is the peak 
indentation load (N), and c is the average length of all cracks emanating from the center 




A calibration block was used to verify the reliable operation of the Beuhler 
Micromet microhardness tester.  The calibration standard stated that for a load of 1 kgf 
applied for 10 seconds, the Vickers Hardness should be 700 HV.  Three indents were 
made in the sample and imaged using a Keyence microscope. The diagonals were then 
measured using ImageJ image processing software. The results confirmed the instruments 




Figure 5.45:  Calibration indentions 1, 2 and 3 (left to right). 
 
Table 5.41:  Hardness calibration using standard reference material 
Hardness Calibration using Standard  




Image 1 51.14 51.90 51.52 1 10 698.46 
Image 2 51.65 51.13 51.39 1 10 702.01 
Image 3 51.89 50.63 51.26 1 10 705.55 
*Calibration Standard:  Vickers Hardness should be 700HV at load of 1kgf 
applied for 10 sec 
 
Indentation Testing on SiC 
An SiC sample was prepared for indentation testing by mounting the sample in 




indentations were made in the sample at 3 load levels. Indentation images in SiC were 
taken with a Keyence VHX-5000 series microscope. Figures 1-8 show Vickers 
indentations in SiC made using the load indicated in the Figure.  The load time was 10 
seconds for each indention. 
 
 
Figure 5.46: Indentions 1-8 in SiC sample  
 
The area of the indentation, indentation diagonal lengths, and crack lengths were 
determined using ImageJ image processing software.   The elastic modulus of SiC 
(415,000 MPa), required by the KIC equation, was taken from [Munro 1997]. The results 




























1 0.5 4.90 19.50 19.10 1.98E-10 1.679E-05 24764 3288 4.67 
2 0.5 4.90 19.61 18.82 1.76E-10 1.786E-05 27860 2905 4.01 
3 0.5 4.90 18.93 19.78 1.68E-10 1.846E-05 29158 2722 3.73 
4 1.0 9.81 27.40 27.20 3.79E-10 3.055E-05 25877 1986 3.72 
5 0.5 4.90 18.70 19.26 1.75E-10 1.681E-05 28019 3279 4.38 
6 0.3 2.94 14.00 13.90 1.01E-10 1.235E-05 29149 3650 4.09 
7 1.0 9.81 27.32 29.09 3.89E-10 3.139E-05 25210 1882 3.62 
8 0.5 4.90 19.68 19.50 1.89E-10 1.870E-05 25985 2652 3.88 
 
The average hardness for SiC was found to be 27.00 ± 1.75 GPa while the 
average toughness was found to be 4.10 ±	  0.36	  MPa √m.  The hardness and toughness 
values compare well to literature values. The National Institute of Standards and 
Technology provides a hardness value of 26± 1 GPa at a testing load of 4.9 N (32 GPa at 
9.8 N) and a toughness value of 3.1 MPa √m [Munro 1997].  The good agreement 
between results and literature values shows that the testing method is reliable.  
5.9.2 INDENTATION TESTING ON U3SI2 
 
Indentation testing was performed on Pellets A, B, C, and the tile specimen.  
Sample preparation required that all U3Si2 samples be mounted in epoxy and then ground 
and polished to a mirror finish. The polished samples were then chemically etched using 
a diluted Nitric acid wash (20 w/v%) to allow for grain imaging.  A total of 12 
indentations were made in each sample at 3 load levels. The following indentation images 
in U3Si2 were taken with a Tescan scanning electron microscope (SEM). The load time 






Figure 5.47:  Indentations in Pellet A. Indents 1 through 4 (9.8 N); 5 through 8 (4.9 N);  




Figure 5.48: Indentations in Pellet B. Indents 1 through 4 (9.8 N); 5 through 8 (4.9 N); 







Figure 5.49: Indentations in Pellet C. Indents 1 through 4 (9.8 N); 5 through 8 (4.9 N); 9 








Figure 5.50: Indentations in Tile Sample. Indents 1 through 3 (9.8 N); 4 through 8  
(4.9N); 9 through 12 (2.9 N) 
 
The area of the indentation, indentation diagonal lengths, and crack lengths were 
determined using ImageJ post processing of SEM images. The elastic modulus of U3Si2, 
required by the KIC equation, was taken from [Taylor 1961].  The Taylor data provides 
elastic modulus for various U3Si2 sample densities.  Given that the density of the U3Si2 
samples tested varied from one specimen to another, different values for Young’s 
Modulus were used as well (See Table 5.43).  The USC Young’s Modulus data was only 
valid for the Tile specimen.  However, since the USC value of Young’s Modulus matches 







Table 5.43:  U3Si2 Young’s Modulus for %TD 







Pellet A 94.5 105.14 
Pellet B 87.6 74.12 
Pellet C 97.8 120.66 
Tile  96.5 113.76 
 
The results of U3Si2 hardness and fracture toughness are shown in Figures 5.51 
5.52, and 5.53 and are summarized in Table 5.44.  There were several clear outliers 
within the toughness data sets, namely test numbers 7 and 10-13 for Pellet A, 10 for 
Pellet B, and 3 for Pellet C.  Upon inspection of the SEM images, these indentions had 
interaction with neighboring pores, usually along the crack length.  These data points 
were considered outliers and were removed from toughness analysis. The toughness is 
calculated using the density-dependent Young’s Modulus values in Table 5.43. While the 
USC elastic modulus data is only valid for the Tile specimen, toughness is calculated for 
each sample using this value in order to show the variation in toughness across samples 
when Young’s Modulus is held constant (Figure 5.53). A solid line shows the average 











Figure 5.52: Toughness Results for U3Si2 (MPa√m) (Calculated using Taylor-McMurtry 







Figure 5.53: Toughness Results for U3Si2 (MPa√m) (Calculated using USC Young’s 
Modulus Data) 





(MPa √m ) 
Toughness-USC 
(MPa √m ) Hardness (MPa) Vickers Hardness 
A 
Averages: 1.110 ± 0.133 1.1668 ± 0.142 6710.30 ±  723. 38 652.147 ± 38.07 
B 
Averages: 0.977 ± 0.098 1.238 ± 0.124 4411.78 ±  357.64 414.116 ± 34.00 
C 
Averages: 1.075 ± 0.084 1.072 ± 0.084 7184.73 ±  587.07 678.311 ± 57.23 
Tile 
Averages: 0.906 ±  0.084 0.930  ± 0.086 6443.90 ± 609.35 601.158 ±  85.34 
 
U3Si2 hardness varies depending upon the sample.  When comparing the three 
pellet samples, the hardness is observed to trend with porosity.  Pellet B is the most 
porous, and least dense pellet and shows the lowest value of hardness at 4411.78 ± 




723. 38; this suggests that a high frequency of pores increases the indention size in the 
sample.  
The USC Toughness values use Young’s Modulus of the Tile sample for all 
calculations across samples.  The Taylor McMurtry Toughness value uses a density 
dependent elastic modulus value, which varies for each sample. In either case, the 
toughness data suggest that U3Si2’s toughness is ~1 MPa √m.  It was expected that 
toughness would vary with porosity, given that pores can relieve stress and reduce crack 
propagation.   This is clear in the USC toughness data because Pellet B had the most 
pores and also has the largest toughness value.  Similarly, the least porous samples, Pellet 
C and the Tile, have the lowest values of toughness.  This trend with porosity is not 
observed in the data if a density dependent Young’s Modulus value is used for each 
sample (Taylor McMurtry data).  
Additional polarized light microscopy was performed on the U3Si2 in order to 
examine crack behavior through the surrounding microstructure in U3Si2.  Grains have 
been outlined in white and arrows drawn to highlight regions of interest.   
It was observed that cracks in U3Si2 do not travel along grain boundaries but 
rather traverse across grains.  This implies that grain boundaries are not weak in this 
material. This behavior was observed in all samples as shown in Figures 5.55-5.58. 
Cracks travel through grain boundaries without changing direction.  Additionally, the 
cracks do not change direction when moving through second phases.  Griffith’s crack 
theory says that a crack will propagate whenever it is easier to do that compared to 
forming a dislocation.  In these U3Si2 samples, the surface energy from fracture is low in 




The ease with which U3Si2 cracks is a significant barrier to commercial scale up.  
Some samples sent to USC from INL fractured during shipment despite careful 
packaging.  Fuel rods must be shipped to location without suffering cracking or damage 
to pellet surfaces.  It is possible that the current manufacturing process introduces a 
number of cracks within the fuel and that improvements to the fabrication process could 
reduce the fuel’s propensity to crack and fracture.  However, in its current state, U3Si2 





Figure 5.54: Polarized Light Image of Pellet A, indent #2  






Figure 5.55: Polarized Light Image of Pellet B, indent #3  




Figure 5.56: Polarized Light Image of Pellet C, indent #7  





Figure 5.57: Polarized Light Image of Tile, indent #12 (2.9 N for 10 s) 
 
5.9.3 EDX COMPOSITIONAL ANALYSIS AROUND INDENTS: 
During SEM imaging of indentations, EDX was performed on a few indents per 
sample.  The purpose was to see if and how cracks propagated with second phases in 
U3Si2.  While some interaction is noted, the EDX data is most useful in determining the 







Figure 5.58: EDX was performed on 3 regions of Pellet A at Indent #1 
 (9.4 N, 10 s) 
 
Table 5.45: EDX composition results for the three regions shown in Figure 5.58. 
  Point 1 Point 2 Area 3 
Wt % U 89.15 83.08 93.69 
Wt % Si 10.84 16.92 6.31 
Composition USi U3Si5 U3Si2 
 
The background matrix material was identified as U3Si2.  The precipitate at point 
1 was identified as USi and the precipitate at point 2 was identified as U3Si5. U3Si5 has a 
higher melting point than U3Si2 so the effects of this second phase on the material are not 




and is an undesirable second phase in the material. It appears as though the crack travels 
directly through the USi precipitate.  
 
 
Figure 5.59: EDX was performed on 4 regions of Pellet B at Indent #10  
 (2.9 N for 10s) 
Table 5.46: EDX composition results for the four regions shown in Figure 5.59. 
  Point 1 Point 2 Point 3 Area 4 
Wt % U 93.88 93.08 98.29 93.81 
Wt % Si 6.12 6.92 1.71 6.19 
Composition U3Si2 U3Si2 U3Si U3Si2 
 
The background matrix material in Pellet B was identified as U3Si2.  The 
precipitates at point 1 and 2 were too small for identification and as a result the 
composition is that of the background U3Si2 matrix material.  The precipitate at point 3 








and would cause damage to the pellet if it were present in reactor.   Overall the 
precipitates in Pellet B are much smaller than those observed in Pellets A and C.   
 
 
Figure 5.60: EDX was performed on 3 regions of Pellet C at Indent #1  
(9.4 N for 10s) 
Table 5.47: EDX composition results for the three regions shown in Figure 5.60. 
  Area 1 Point 2 Point 3 
Wt % U 92.45 90.08 87.06 
Wt % Si 7.55 9.38 6.16 
Wt % O 0 0.54 6.79 
Composition U3Si2 USi U-Si-O  
 
Two precipitates were identified in Pellet C.  The precipitate at point 2 has a 
composition very close to USi. This precipitate was also observed in Pellet A.  The final 
precipitate at point 3 is close to USi but with the addition of oxygen in place of U and Si. 







unlikely that these precipitates will be observed in future pellets because while Pellets A, 
B, and C were sintered in an Argon furnace with some oxygen present; subsequent 
samples have been sintered in a vacuum furnace.  
 
 
Figure 5.61: EDX was performed on 4 of the Tile Sample at Indent #10  
(2,9 N for 10s) 
Table 5.48: EDX composition results for the three regions shown in Figure 5.61. 
  Area 1 Point 2 Point 3 Point 4 
Wt % U 92.74 89.64 92.3 89.23 
Wt % Si 7.26 10.36 7.7 10.77 
Composition U3Si2 USi U3Si2 USi 
 
Precipitates at point 2 and 4 were identified as USi.  This phase was observed in 
all samples except Pellet B.  The precipitates in the Tile sample are less round than those 








phases were molten during sintering.  On the other hand, the lower sintering temperature 
used for the Tile (1400°C vs. 1500°C) produced precipitates with angular edges.  No 
second phases with oxygen were observed in the Tile sample.  This is because the Tile 
sample was sintered in a vacuum furnace while Pellets A, B, and C were sintered in an 
Argon furnace with some O2 present. 
5.10 MICROSTRUCTURAL DISCUSSION 
U3Si2 samples sintered at temperatures of 1500°C show well rounded pores and 
second phases which suggest that both the sintering process was complete and that 
second phases were molten at the sintering temperature.  On the other hand, samples 
sintered at 1400°C and 1450°C have angular pores, suggesting an incomplete sintering 
process.  Additionally, when comparing samples sintered at 1450°C to those sintered at 
1500°C, it is clear that significant grain occurs if the temperature is 1500°C or higher. 
The requirement for high temperatures in diffusion related processes is a testament to the 
strong covalent bonds in U3Si2.  This in turn, means that the fuel will require very high 
temperatures before vacancy diffusion is active; following which point it takes off 
markedly.  In order for U3Si2 to creep thermally in with any appreciable result, the 
temperature will have to be extremely high.  Since irradiation enhances thermally 
activated processes, irradiation creep will play a significant role in relieving stress to the 
fuel in reactor.    
In reactor, as uranium is fissioned, excess silicon will be present in the fuel.  This 
excess silicon will come out as second phases in the fuel since U3Si2 is a strongly bonded 
line compound and resists defects within its crystal structure.  In contrast, UO2 can 




change easily. Second phases in U3Si2 can lie along grain boundaries and inhibit thermal 
creep in reactor by pinning grain boundary motion.   
Among the samples examined in this research, pellet C and the Creep pellet are 
most representative of commercial fuel.  Both pellets had extremely high densities post 
sintering.  If the fuel microstructure has no porosity, the fuel has nowhere to creep to 
relieve the stress associated with swelling.  Of course, the pellet dish and along the axial 
stack are viable options for material flow.  However, a better option may be to design 
U3Si2 pellets with an annulus so that the fuel can creep inward.  This suggestion ignores 
fabrication challenges.  Given the brittle nature of the fuel and the fabrication challenges 
that exist in making a monolithic U3Si2 pellet, it is reasonable to assume that an annular 






DEVELOPMENT OF U3SI2 CREEP MODEL 
6.1 INTRODUCTION  
The steady state creep models used to model material deformation in U3Si2 
require prior knowledge of the diffusion coefficients.  The diffusion coefficient will vary 
depending upon the deformation mechanism, whether it is grain boundary diffusion or 
lattice diffusion.  Sintering data for U3Si2 can be used to determine the grain boundary 
diffusion coefficient.  Established trends between the coefficient of grain boundary 
diffusion and lattice diffusion exist and will be used so that the creep behavior in U3Si2 
can be described across all expected deformation regimes.  
6.2 DETERMINING GRAIN BOUNDARY DIFFUSION COEFFICIENT FROM GRAIN 
GROWTH 
The grain boundary diffusion coefficient can be determined from grain growth 
data obtained from during sintering.  Hillert’s model of grain growth will be utilized 
[Hillert, 1965]. The model depends upon both average grain size and the distribution of 
grain sizes.  Grains grow at the expense of smaller grains and the rate of growth is 
governed by curvature of the grains. The force due to curvature is given as 2γgb/ρ, where 
γgb is the grain boundary energy and ρ is the magnitude of the radius of curvature.   The 
velocity of the grain boundary during growth is expressed as the product of mobility, M, 











Hillert provides a relationship between the radius of curvature and the relative 








where R is the radius of the grain and Rcr is the critical radius below which the grain 
shrinks and above which grains will grow.  Hillert combines this relationship with the 
















Integration of the previous equation provides the critical grain radius at a given 
time t.  In order to get the mean grain radius as a function of time rather than critical 






The mean radius R, is the mean grain radius in three dimensions.  However, 
experimental data provides the average grain radius in two dimensions.  In order to relate 
the experimentally observed average grain size to the three-dimensional grain size 
modeled in the Hillert equation, an additional relationship is required: 
  R = 0.89 !
!
,  





When the d is subbed into the rate equation for grain growth and the equation is 
integrated the following equation is obtained: 





𝑀𝛾!" 𝑡  
or 
𝑑! − 𝑑!! = 2𝑀𝛾!"𝑡, 
where do is the initial grain diameter at t=0.  In the form 𝑑! − 𝑑!! = 𝑘𝑡, this is the  
 
standard grain growth rate equation.   
 
The grain boundary mobility, M, is described by [Burke & Turnbull, 1952] as a 




where Dgb is the diffusion coefficient of the grain boundary, Ω atomic volume, and δ is 
the width of the grain boundary [Hallberg, 2015]. When the mobility is subbed into the 
grain growth equation, the following expression results: 









There are some conflicting remarks in the literature regarding the diffusion 
coefficient in the grain boundary mobility equation. Hallberg and Veshchunov state that 
the diffusion term is that of the grain boundary, Dgb [Hallberg 2015 & Veshchunov 2009].  
On the other hand, Ahmed states that the diffusion coefficient in the grain boundary 
mobility equation is actually Da, the diffusion coefficient of atomic jumps across the 





[Ahmed, 2014;. Rahaman 2003].  Since sintering diffusion occurs along the grain 
boundary rather than across, it is appropriate to assume that the diffusion coefficient is 
that of grain boundary diffusion, Dgb.   
The term Dgb is an exponential depending upon the activation energy for grain 




The value of Dgb obtained from the grain growth equation is that at the 
temperature of sintering.  Thus, it is necessary to determine Dogb so that a generalized 
temperature-dependent diffusion coefficient is obtained. To achieve this one must know 
value of Qgb, the activation energy for grain boundary diffusion.  
6.3 DETERMINATION OF GRAIN BOUNDARY ACTIVATION ENERGY FROM 
SINTERING DATA 
The general grain growth equation used in this research is given by: 
𝑑! − 𝑑!! = 𝑘𝑡,       where       k=2Mγgb   &   M =
!!"!
!"#




After substituting the other terms dependent upon T the basic equation becomes: 
 







After multiplying by T and taking the logarithm of both sides, an equation results 
where the slope is the activation energy due to self-diffusion divided by the Boltzmann 
constant.   





+ 𝐶  
 





The sintering data for U3Si2 has been applied to this methodology.  The data is 
summarized in the Table 6.1 and Figure 6.1.  It should be noted that the data is for all 
U3Si2 pellets. 
Table 6.1: Sintering Data for U3Si2  
  d (µm) do (µm) T (K) 1/T ln(d2*T) 
Pellet A 10.08 5 1723 0.00058 -15.56 
Pellet B 11.83 5 1723 0.00058 -15.24 
Pellet C 19.38 5 1773 0.00056 -14.22 
Creep 22.92 5 1773 0.00056 -13.89 





Figure 6.1: Plot of grain growth data shows ln(d2xT) vs (1/T).   
 
The slope of the line in the previous figure is equal to –Qgb/R.  Therefore, the 





predicted through DFT calculations. Additionally, when compared to other fuels the 
calculated value of Qgb for U3Si2 is large---UO2 has an activation energy for grain 
boundary diffusion equal to 4.33E-19 J [Ainscough, 1973] and UC has an activation 
energy for grain boundary diffusion equal to 5.29E-19 J [Routbort, Matzke, 1975].  
However, the high grain boundary activation energy makes since in terms of the observed 
microstructure of U3Si2 fuel.  The high value of Qgb from sintering data captures the 
effects of precipitate pinning along grain boundaries.  Numerous second phase 
precipitates were observed during characterization of U3Si2 samples (See figures 5.3, 5.5 
and 5. 29, 5.32).  These impurities in the form of second phase precipitates impede grain 
boundary diffusion.  The result is an increased value of grain boundary activation energy.  
The sintering-based Qgb value should be used in the development creep models in BISON 
because activation energy is representative of the quality of U3Si2 pellets, which are 
achievable through current fabrication processes.    
Another estimation for Qgb relies upon the results of Noordhoek’s DFT analysis 
[Noordhoek, 2016]. Noordhoek’s DFT calculations on U-Si have revealed that the 
activation energy for Si interstitial diffusion in the U3Si2 lattice is 4.56E-19 J.  This is 
expected to be the rate determining mechanism of diffusion and can be used as the lattice 
diffusion activation energy for U3Si2.  It is possible to predict a grain boundary diffusion 
activation energy from this value because the activation energy for grain boundary 
diffusion is accepted as half that of bulk diffusion, Qgb = 1/2 QL [Was, 2007].  Therefore, 
the activation energy for grain boundary diffusion as predicted by Noordhoek’s analysis 





The normalized activation energy (Qgb/RTm) can be used as a comparison 
between different classes of materials.  Figure 6.2, gives the approximate normalized 
self-diffusion activation energies for various materials [Porter, 1992].   
 
 
Figure 6.2: Normalized self-diffusion activation energies for classes of materials  
[Porter, 1992]. 
 
The normalized activation energy for grain boundary diffusion in U3Si2 (relative to its 
melting temperature) is 37 using the sintering-based data and ~8.5 using the grain 
boundary activation energy predicted from Noordhoek’s computational DFT data.  The 
normalized grain boundary energy predicted from the sintering data is of the same order 
as self diffusion in extremely strong materials.  The normalized activation energy value 
using DFT data is much smaller and in the range of metals.  This is not appropriate for a 
strongly covalently bonded material.  Comparison to pure Si provides additional 





temperature.  At low temperatures the self-diffusion activation energy is 7.45E-19 J, 
while at high temperatures the activation energy is 8.22E-19 J [Bracht, 1998].  The 
normalized activation energy for silicon self-diffusion is 31 or 35 for values of 7.45E-19 
J to 8.22E-19 J, respectively [Bracht, 1998].  The grain boundary activation energy 
determined using sintering data agrees with the silicon data much more than that 
determined through DFT data.  In fact, in comparison to the silicon normalized activation 
energy, the Noordhoek-DFT grain boundary activation energy is too small.  DFT 
calculations are valid for an ideal U3Si2 crystal.  This is not representative of the current 
fuel samples available.  However, for completeness creep modeling in BISON will allow 
for the user to select whether Noordhoek or sintering –based activation energies and 
diffusion coefficients are used. 
6.4 APPLICATION TO EXPERIMENTAL U3SI2 SINTERING DATA 
Post-sintering grain size data obtained through this research combined with pre-
sintering average particle size can be used to determine the grain boundary diffusion 
coefficient for U3Si2 (see Section 6.1). The values used in the grain growth equation are 














Table 6.2: Values used in grain growth equation 
Variable Value used in Calculation 
d Final average grain size Pellet A: 10.08 µm; Pellet B: 11.83 µm B; Pellet 
C:19.38µm  
do Initial grain size 5 µm 
δ Grain boundary width Approximated by 1nm 
R Gas constant 8.314462 J/(mol*K) 
T Sintering temperature Pellet A & B: 1723 K; Pellet C: 1773 K  
Ω Molar volume  6.314x10-5 m3/mol 
γgb Grain boundary energy 0.6 J/mol 
t Sintering time 4 hours (14400 s) 
  
The grain boundary energy of U3Si2 has been determined through homologous 
relationships to other materials (see appendix 6.1).  The term Dgb is an exponential 
depending upon the activation energy for grain boundary diffusion, Qgb: 
𝐷!" = 𝐷!!"𝑒𝑥𝑝
!!!"
!" .   
 
The value of Dogb still needs to be determined and is discussed in the next section. 
6.5 SOLVE FOR GENERALIZED GRAIN BOUNDARY DIFFUSION USING 
ACTIVATION ENERGY  
The sintering data summarized in Table 6.2 is used to determine Dgb at the 
sintering temperature. Solving for Dogb provides the full range of Dgb over all 



















Table 6.3: Grain boundary diffusion coefficients for U3Si2 pellets 
	  	   d (µm) do (µm) T (K) Dgb (m2/s) 
Pellet A 10.08 5 1723 1.01E-15 
Pellet B 11.83 5 1723 1.51E-15 
Pellet C 19.38 5 1773 4.74E-15 
Creep Pellet 22.92 5 1773 6.76E-15 
Tile 8.25 5 1673 5.49E-16 
 
Table 6.4: Generalized grain boundary diffusion equation for U3Si2 pellets  
(Qgb derived from sintering data) 
	  	  
Generalized Grain Boundary Diffusion Equation 
*where Qgb=9.98E-19 J 
Pellet A 1.64 x103 exp (-Qgb/RT)  
Pellet B 2.46 x103 exp (-Qgb/RT)  
Pellet C 2.37  x103 exp (-Qgb/RT) 
Creep Pellet 3.37 x103  exp (-Qgb/RT) 
Tile 3.13 x103  exp (-Qgb/RT) 
 
Table 6.5: Generalized grain boundary diffusion equation for U3Si2 pellets  
(Qgb obtained from Noordhoek DFT Analysis) 
	  	  
Generalized Grain Boundary Diffusion Equation 
*where Qgb=2.28E-19 J 
Pellet A 1.46 x1011 exp (-Qgb/RT)  
Pellet B 2.19 x1011 exp (-Qgb/RT)  
Pellet C 5.25 x1011 exp (-Qgb/RT) 
Creep Pellet 7.49 x1011  exp (-Qgb/RT) 
Tile 1.06 x1011  exp (-Qgb/RT) 
 
It should be noted that the value of Dgb depends on the user’s estimation of grain 
boundary width in U3Si2.  Grain boundaries could not be visualized through SEM 
imaging during characterization associated with this research.  While the grain boundary 
width of metals is on the order of interatomic spacing (1-50 nm), the grain boundary 





width of 1 nm is currently being used to model U3Si2.  This is a reasonable value because 
a larger grain boundary width would have been noticed during SEM imaging.   
6.6 ESTIMATION OF BULK DIFFUSION FROM GRAIN BOUNDARY DIFFUSION  
The equation for grain boundary diffusion in U3Si2, calculated in section 6.5, can 
be used to estimate a similar equation for bulk (lattice) diffusion, as well.  As discussed in 
the previous section, the general equation for grain boundary diffusion takes the form: 
𝐷!" = 𝐷!!"𝑒
!!!"
!" , where Qgb is the activation energy for grain boundary diffusion 
and Dogb is the coefficient of grain boundary diffusion.  
The equation for bulk lattice diffusion takes the same form: 
𝐷! = 𝐷!!𝑒
!!!
!", where QL is the activation energy for bulk diffusion and DoL is the 
coefficient of bulk diffusion.  It is possible to estimate the values of QL and DoL if the 
values of Qgb and Dogb are known.  The value of QL is ~2Qgb [Was]. The calculated value 
of Qgb obtained from sintering experimental results captures the effects of second phase 
precipitates pinning the motion of grain boundaries during the sintering process. 
Extending these sintering results, an estimation of QL would be 1.67E-18 J.  Noordhoek’s 
DFT calculation of Silicon interstitial diffusion offers a lower value for QL, 4.57E-19 J 
[Noordhoek, 2016].  The analysis of U3Si2 creep models in Chapter 7 utilizes Qgb and QL 
obtained through sintering data.  However, the model has been to reflect the data 
presented by Noordhoek’s DFT analysis. The two methods’ creep modeling results are 
compared in Chapter 7.   
In order to determine the general bulk diffusion equation, it is necessary to extend 
the results of grain boundary diffusion.  Specifically, the only unknown is DoL, which can 





transition temperature from grain boundary diffusion to lattice diffusion. In general, the 
grain boundary diffusion dominates below 0.75-0.8 Tmelt [Porter,Easterling 1992].  This 
trend is obvious on the following figure, which shows the self-diffusion coefficients in a 
polycrystalline material [Porter, 1992].  At the transition temperature from bulk-
dominated diffusion to grain boundary-dominated diffusion, the two diffusion processes 
are equal.  Prior to this temperature, grain boundary diffusion is dominant (Db in the 
figure).  In the figure DL, is the lattice diffusion and the dots indicate the apparent 
diffusion in the material.  Above the transition temperature, the apparent diffusion is the 
same as DL. 
  
 
Figure 6.3. Self-diffusion coefficients in single and polycrystal silver  
[Turnbull, 1961]. 
 
Thus, at the transition from lattice diffusion to grain boundary diffusion, DL=Dgb. 





boundary and lattice diffusion in U3Si2.  By setting the two diffusion equations equal to 
one another at a temperature of 1454 K (0.75 Tmelt), it is possible to solve for DoL. 
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  at 1454 K. 
After plugging in the known values of Dogb (obtained by applying grain growth 
equation to sintering data), Qgb (obtained from sintering data), QL (~2 x Qgb ( ), and T 
(transition temperature from bulk diffusion to grain growth diffusion); it is possible to 
solve for DoL.  The solution for pellet C is shown below.  Pellet C data should be used for 
developing creep models because pellet C is most representative of commercial grade 
pellets.  
𝐷!! =






 =  9.02x1024 m2/s (for Pellet C) 
The above value for DoL was obtained using the sintering data.  A similar value of 
DoL can be obtained using Noordhoek’s DFT-based data.  If the Noordhoek Qgb, QL, and 
Dogb values are used, DoL is found to be 4.64E-6 m2/s. 
Dogb, DoL, Qgb, and QL can be used to develop a range of creep mechanisms in 






6.7 U3SI2 CREEP MODEL & CREEP REGIMES  
In addition to thermally induced creep at elevated temperatures, nuclear fuels 
undergo irradiation induced creep at lower temperatures.  Irradiation defect production in 
the material creates a source of vacancies and interstitials required for creep at lower 
temperatures, which would otherwise not cause thermal creep. The U3Si2 creep model 
should include both thermal and irradiation induced contributions to creep. 
6.7.1 TRANSITION FROM IRRADIATION CREEP TO THERMAL CREEP 
Irradiation induced creep is the creep mechanism at low temperatures, while 
thermal creep dominates the overall creep strain at higher temperatures.  Creep data for 
UC and UO2 was consulted to determine an appropriate transition temperature from 
irradiation-induced creep to thermal creep. Figure 6.4 below provides a plot of UC and 
UO2 creep strain rate data as a function of inverse temperature.  The flat region of the 
graph with respect to temperature displays irradiation induced creep; this form of creep is 
said to be athermal because the strain rate is independent of temperature.  On the figure 
the irradiation induced creep strain rate is the same in both UC and UO2.  However, the 
onset of thermal creep occurs at a different value for inverse temperature.  The onset of 
thermal creep in UC occurs above 0.8-0.9 1/T where T is in units of 103 K.  This 
corresponds to a temperature range of 1111 K to 1250 K.  Since UC melts at 2638 K, this 
range corresponds to a homologous temperature range of 0.42 to 0.48 Tmelt. If the 
athermal region were extended, it would intersect with the thermal UO2 thermal data 
between about 0.7 and 0.8 1/T x 103 K, or a temperature range from 1250 K to 1428 K. 
This corresponds to a homologous temperature range from to 0.40 to 0.46 Tmelt for UO2, 
given UO2’s melting temperature of 3138 K.  UC data is most representative of U3Si2 





covalently bonded U3Si2.  The average onset temperature for UC is 0.45 Tmelt; this in 
turn, is a reasonable value to use as the transition temperature from irradiation induced 
creep to thermal creep in the development of a creep model for U3Si2.  For U3Si2, a 
homologous temperature of 0.45 Tmelt is 872 K.  
 
 
Figure 6.4: Creep strain data for UC and UO2 vs. 1/T [Clough, 1977] 
 
Irradiation diffusion in U3Si2 will be athermal as well.  Using the previously 
calculated values of Dogb, DoL, Qgb, and QL, it is possible to construct a plot of diffusion 





diffusion dominates deformation mechanisms.  Below 0.75 Tm, thermal grain boundary 
diffusion dominates deformation.  In the context of irradiation, a second transition occurs 
at 0.45 Tm, the transition from thermal diffusion to irradiation induced athermal 





Figure 6.5: Log plot of diffusion in U3Si2 across temperature. 
6.7.2 ATHERMAL IRRADIATION CREEP REGIME 
Irradiation creep is possible at temperatures below typical thermal creep because 
point defects are created in the lattice and are free to diffuse through the lattice.  For 
creep deformation, the irradiation induced creep strain is usually a function of flux and a 
constant.  In the absence of irradiation data, this irradiation strain rate (below 0.45 Tmelt—





 The strain rate for Nabarro Herring creep is given as: 




   
where ANH is a material constant, DL is the exponential equation for lattice diffusion 
(discussed in section 6.6), b is the burgers vector, σ is the von Mises stress, k is the 
Boltzmann constant, T is temperature, and d is the average grain size.  Weaver provides 
an average value of ANH of 12.5  [Weaver, 2012].  In Nabarro-Herring creep, DL is an 
exponential term for lattice diffusion.  However, in this instance Nabarro-Herring is being 
used to describe irradiation creep in U3Si2.  In this case, the diffusion term is actually that 
of irradiation diffusion.  The diffusion coefficients of athermal irradiation and grain 
boundary diffusion should be equivalent at 0.45 Tmelt (see Figure 6.5).  This means that 
the irradiation diffusion term, Dirr, can be approximated by the value of Dgb at 0.45 Tmelt: 
𝐷!"@  0.45  𝑇!"#$ = 𝐷!!"𝑒
!
!!"
!×!"#! .  
Because irradiation induced creep is athermal, the value of T in the denominator of the 
creep strain equation is also held constant at 0.45 Tmelt (872 K).  This insures that the 
strain rate due to lattice creep remains the same across all temperatures below the 
transition point from irradiation to thermal creep (0.45 Tmelt--- see Section 6.7.1).   The 
burgers vector, b, of the material has been approximated by the average lattice parameter 
of U3Si2.  Since U3Si2 is tetragonal, the lattice parameter varies depending upon the axis: 
a=0.39 nm and c=0.73 nm.  The average lattice parameter is 0.56 nm and is used to 
approximate the burgers vector within the creep model.  The stress is the von Mises stress 
in the material.  During BISON simulations, the local von Mises stress will update at 
every time step so that the strain rate due to Irradiation creep updates, as well. The term 





term in the denominator is also the temperature and is set to 872 K in the Nabarro 
Herring creep model in order to reflect the athermal behavior of irradiation creep. The 
variable d is the average grain size.  This model is based upon the results of Pellet C 
because it reflects the Westinghouse U3Si2 geometry and microstructure envisioned for 
commercial U3Si2 pellets. The average grain size of Pellet C was ~20 µm, therefore 20 
µm is the default value assigned to d in the creep model. 
6.7.3 THERMAL CREEP REGIME 
As discussed in Section 7.6.1, thermal creep is the dominant creep mechanism at 
temperatures above 0.45 Tmelt. In this regime, the creep deformation mechanism depends 
upon the stress relative to the Shear modulus, σ/G.  Figure 6.4 shows a generalized 
Ashby-type creep regime map.  This can be used to prognosticate the creep mechanisms 
and respective regimes that U3Si2 will experience.  The x-axis is homologous 
temperature, T/Tmelt and the y-axis is relative stress, σ/G.  At temperatures at or above 
0.45 Tmelt, a material should experience Coble creep at relative stress below 10-4 and 
dislocation creep at relative stresses above 10-4.  In the context of U3Si2 fuel, one can 
expect Coble creep at temperatures above 872 K, provided that the stress is less than 10-4 
(von Mises < 5 MPa if 50 GPa is used for Shear Modulus).  From preliminary modeling, 
it is unlikely that U3Si2 will experience relative von Mises stresses below 10-4.  Thus, 
creep of U3Si2 will likely be dominated by a dislocation mechanism above 0.45Tmelt. Both 













Coble creep is a creep mechanism described by the diffusion of grain boundaries 
in a material.  This form of creep is expected to dominate in U3Si2 in the thermal creep 
range (above 0.45 Tmelt) and at low relative stresses (below 10-4).  The strain rate due to 







where Aco is a material constant, Dgb is the exponential equation for grain boundary 
diffusion (discussed in Section 6.5), b is the burgers vector, σ is the von Mises stress, k is 
the Boltzmann constant, T is temperature, and d is the average grain size.  Weaver 
provides an average value of ACo of 40  [Weaver, 2012].  Dgb is an exponential term for 
grain boundary diffusion in U3Si2 given as   𝐷!" = 𝐷!!"𝑒
!!!"





m2/s for sintering based models or 5.26x10-11 for a model using Noordhoek’s data 
(discussed in Section 6.5).  Qgb is the activation energy for lattice diffusion, determined 
through grain growth (9.97x10-19 J for the sintering model or 2.28x10-19 for the 
Noordhoek model--see Section 6.3).  Unlike irradiation creep, thermal creep shows 
temperature dependence.  Therefore, during simulations in the BISON fuel performance 
code, the creep strain rate will update with each time step as temperature changes. The 
burgers vector, b, of the material has been approximated by the average lattice parameter 
of U3Si2.  Since U3Si2 is tetragonal, the lattice parameter varies depending upon the axis: 
a=0.39 nm and c=0.73 nm.  The average lattice parameter is 0.56 nm and is used to 
approximate the burgers vector within the creep model.  The stress is the von Mises stress 
in the material.  During BISON simulations, the von Mises stress will update at every 
time step so that the strain rate due to Coble creep updates, as well. The term k, in the 
denominator, is the Boltzmann constant given as 1.38x10-23 m2kg/s2/K.  The T term in 
the denominator is also the temperature. The variable d is the average grain size.  This 
model is based upon the results of Pellet C because it reflects the Westinghouse U3Si2 
geometry and microstructure envisioned for commercial U3Si2 pellets. The average grain 




Dislocation creep is a creep mechanism described by the diffusion of dislocations 
within a material.  This form of creep is expected to dominate in U3Si2 in the thermal 
creep range (above 0.45 Tmelt) and at high relative stresses (above 10-4).  The strain rate 











where Adis is a material constant, DL is the exponential equation for lattice diffusion 
(discussed in Section 6.6), b is the burgers vector, σ is the von Mises stress, k is the 
Boltzmann constant, T is temperature, and G is the Shear modulus.  Weaver provides an 
average value of ADis of 6x107  [Weaver, 2012].  Dislocation diffusion can be 
approximated by the exponential term for lattice diffusion. In U3Si2, 𝐷! = 𝐷!!𝑒
!!!
!", 
where DoL is 6.83x1024 m2/s for the sintering-based model or 4.63x10-6 for Noordhoek 
model (details in Section 6.6).  QL is the activation energy for lattice diffusion (2.00x10-18 
J for the sintering-based model or 4.57x10-19 J for the Noordhoek model). Unlike 
irradiation creep, thermal creep shows temperature dependence.  Therefore, during 
simulations in the BISON fuel performance code, the creep strain rate will update with 
each time step as temperature changes. The burgers vector, b, of the material has been 
approximated by the average lattice parameter of U3Si2.  Since U3Si2 is tetragonal, the 
lattice parameter varies depending upon the axis: a=0.39 nm and c=0.73 nm.  The 
average lattice parameter is 0.56 nm and is used to approximate the burgers vector within 
the creep model.  The stress is the von Mises stress in the material.  During BISON 
simulations, the von Mises stress will update at every time step so that the strain rate due 
to Coble creep updates, as well. The term k, in the denominator, is the Boltzmann 
constant given as 1.38x10-23 m2kg/s2/K.  The T term in the denominator is also the 
temperature. The variable G is the Shear modulus of U3Si2, 50 GPa.  Shear modulus was 
determined during characterization of a tile shaped specimen (see Chapter 5, section 12 





6.7.4 SUMMARY OF CREEP MODEL  
The creep model for U3Si2 is divided into two regimes; athermal irradiation-
induced creep and thermal creep.  The transition temperature between these two regimes 
is taken from a homologous relationship to UC fuel, and described by a temperature of 
T=0.45 Tmelt; for U3Si2, this temperature is 872 K.  Below 872 K, creep is considered 
athermal and is due to irradiation enhanced diffusion processes due to the creation of 
point defects in the lattice.  This mechanism is described by the Nabarro Herring creep 
strain equation, with irradiation diffusion set to the value of grain boundary diffusion at 
872 K.  Above 872 K, creep is thermally activated and may be governed by one of two 
mechanisms; grain boundary diffusion, described by Coble creep or dislocation climb and 
glide.  Whether Coble or dislocation creep is dominant depends upon the stress in the fuel 
relative to the Shear Modulus, σ/G.  At relative stress levels below 10-4, Coble creep is 
the active creep mechanism; while at relative stress levels above 10-4, dislocation creep 
will be the active creep mechanism. The creep regimes are outlined in Figure 6.7.  The 
model can be modified to use the results of sintering data or Noordhoek’s DFT analysis.  
This is accomplished by using the appropriate values of QL, Qgb, DoL and Dogb. 
  Sintering-based Model Noordhoek DFT-based Model 
Qgb  9.97 x10-19 J  2.28 x10-19 J 
Dogb 2.365 x103 m2/s 5.26 x10-11 m2/s 
QL 2.00 x10-18 J 4.57 x10-19 J 















CREEP MODELING RESULTS IN BISON 
7.1 INTRODUCTION 
The creep model for U3Si2 described in Chapter 6 has been implemented into the 
BISON fuel performance code.  The reader is referred to section 3.3 for a description of 
the BISON fuel performance code.  The example problem discussed in Chapter 4 has 
been rerun with an updated creep model and thermal model for U3Si2.  In the time since 
the analysis provided in Chapter 4, Los Alamos has performed experiments to provide 
updated temperature dependent thermal conductivity and specific heat models for U3Si2 
[White 2015]: 
LANL Thermal Conductivity (W/m-K): 
 
λ= 6.004 + (0.0151 x T), where T is temperature in K 
 
LANL Specific Heat (J/kg-K):  
 
k = 140.5+ (0.02582 x T), where T is temperature in K. 
 
Previous simulations used the thermal conductivity and specific heat described by 
Shimizu.  See Section 2.1.3 for a full description of the Shimizu and LANL thermal 
conductivity and specific heat models.  Elastic properties within the creep model have 
also been updated using the results of impulse excitation analysis (See Chapter 5, 
determination of elastic properties).  The values of Young’s modulus and Poisson ratio 





model simulation has also been updated (thermal behavior and impulse excitation data) to 
allow for comparison to the simulations using the creep model.  The run time of the 
simulation was increased when using the creep model, since the time to contact is 
extended.  The previously described Finlay swelling model is still being used in the 
absence of current irradiation data for U3Si2 (See Section 4.1 for information on Finlay’s 
burnup dependent swelling model for U3Si2).  Within BISON, the volumetric swelling, is 
calculated by integrating the incremental strain over burnup: 
Incremental U3Si2 Swelling Strain: 
!"/!!
!"#
  =   7.76016×𝐵𝑢  +   0.79811, where Bu is the instantaneous burnup in FIMA.  
The units of FIMA can also be converted to standard burnup in MWD/MTU by 
multiplying the fraction of fissioned atoms by 9.5x105 (see page 115 of Olander, 1976) 
For example, 1% FIMA is 9500 MWD/MTU or 9.5 GWD/MTU.   
  The material properties for SiC are the same described in Chapter 4 and [Hales, 
2013 & Metzger 2014].  A value of 620 J/kg-K is prescribed as the specific heat of SiC, 
13.9 W/m-K as thermal conductivity, 340 GPa as Young’s Modulus, 0.13 as Poisson 
ratio, and 4.9E-6/°K as the coefficient for thermal expansion. These values are taken from 
[Miller 2009 & Pessoa 2007]. 
The problem geometry has been updated as well to reflect the proposed 
dimensions of a SiC clad.  A major issue surrounding the use of SiC cladding is the 
prevention of PCMI. The SiC cladding is brittle and unyielding which leads to nearly 
immediate fracture levels of hoop stress upon contact. In order to allow for equivalent 
burnups to that of the UO2/Zry cases, an increased radial gap and thicker cladding walls 





with their SiC claddings. Table 7.1 summarizes the cladding and fuel geometry used for 
the simulations of U3Si2 with SiC cladding as compared to those used for the Zr-4 
cladding.  
Table 7.1:  Geometry of U3Si2/ SiC Problem 
  U3Si2/SiC (WEC) U3Si2/Zr-4 
Pellet Height 9.8 mm 11.9 mm 
Pellet Diameter 8.2 mm 8.2 mm 
Dish Depth 0.3 mm 0.3 mm 
Chamfer Height 0.5 mm 0.5 mm 
Chamfer Width 0.16 mm 0.16 mm 
Cladding Thickness 0.75 mm 0.56 mm 
Gap Width 120 µm 80 µm 
 
To demonstrate the current U3Si2 creep model, it is used in a 2D axisymmetric 
example problem. The problem simulates a 10-pellet stack clad in SiC. The SiC material 
model is taken from the existing model in the BISON repository. An open region above 
the pellet stack simulates the upper plenum. The plenum volume assumes a typical value 
for the PWR plenum to fuel length ratio of 0.045 [Bailly, 1999]. A second order finite 
element mesh with quad-8 elements was used. A medium mesh was constructed for 
individual pellets with 11 radial elements and 16 axial elements.  Similarly, the length of 
the clad is modeled with 4 radial and 170 axial segments and the endcaps of the rodlet, 
with 3 axial and 4 radial segments.  
The heat transfer from flowing coolant is simulated using a uniform convective 
boundary at the clad outer wall. Typical PWR operating conditions were taken from the 
BISON UO2 rodlet example problem in [Williamson, 2012]. These conditions are 







Table 7.2: Input Parameters for the axisymmetric problem 
 
 
The rod power history is shown in Figure 7.1. The rod power is assumed to rise 
linearly over three hours and is then held constant for approximately 5 years.  While a 
typical fuel rod would not remain in reactor for 5 years, the U3Si2 creep simulation 




Figure 7.1: Power history for the example problem 
 
7.2 U3SI2 CREEP MODEL IMPLEMENTATION IN BISON 
Development of the thermal and irradiation creep models for U3Si2 is described in 





summarize, the model includes both athermal irradiation induced creep and thermal creep 
regimes (see Figure 6.7).  Below 872 K, creep is considered athermal and is due to 
irradiation enhanced diffusion processes due to the creation of point defects in the lattice.  
This mechanism is described by the Nabarro Herring creep strain equation, with 
irradiation diffusion set to the value of grain boundary diffusion at 872 K.  All instances 
of the temperature variable are set to 872 K to ensure that athermal behavior is captured 
in the irradiation creep regime.  Above 0.45Tmelt (872 K), the active creep mechanism 
depends upon the value of the von Mises stress relative to the Shear modulus of U3Si2 
(σ/G).  The value of the Shear modulus was determined through impulse excitation: 50 
GPa.  If σ/G is less than 10-4 (von Mises stress is below 5 MPa), then the creep 
mechanism is that of grain boundary diffusion.  This is modeled by temperature 
dependent Coble creep.  If σ/G is greater than 10-4, then the creep mechanism is that of 
dislocation climb/glide, modeled by dislocation creep.  Each of the creep strain rate 
equations depend upon the local stress in the fuel. The creep strain rates vary depending 
upon whether sintering-based data or DFT data is used for the grain boundary and lattice 
activation energies and diffusion constants.  In order to visualize the creep strain rates 
modeled by the irradiation creep and thermal creep mechanisms, they have been plotted 
over inverse temperature for a fixed stress of 5 MPa.  The strain rates plotted use 
sintering-based data for all activation energies and diffusion coefficients (Qgb,QL, Dogb 
and DoL).  The strain rates would be approximately six orders of magnitude higher if 
Noordhoek’s DFT data is used for Qgb,QL, Dogb and DoL, since his data predicts 
unrealistically low activation energies for diffusion. At this time, the sintering-based data 





for U3Si2 diffusion.  The activation energies predicted through the DFT computational 




Figure 7.2: U3Si2 Creep Strain rate vs. Inverse Temperature. 
 
Two series are plotted on the figure above. Both series contain identical athermal 
creep terms; this is because there is only one option for irradiation-induced creep in the 
model.  The red line shows thermal creep strains if the von Mises stress is high enough to 
induce dislocation creep. The blue line shows thermal creep strains if the von Mises 
stress relative to Shear modulus is less than 10-4, the criterion for Coble creep.  
Because BISON is a FEM-based fuel performance code, the creep strain is 
calculated for every element in the mesh.  The von Mises stress in the creep strain 





strain equation is the local temperature. Thus, it is possible with a sufficient temperature 
gradient, for the outer fuel to experience athermal irradiation creep while the inner fuel 
experience thermal creep.  By the same token, if the stress varied greatly across the pellet 
at some point in time where temperature is above 872 K, a fuel region with low stress 
may experience Coble creep while another region of high stress might experience 
dislocation creep.   
It should be noted that the creep model neglects porosity in the fuel. In other 
words, the fuel behaves like a 100% dense pellet.  In nuclear fuel, the fuel first creeps 
into the existing porosity prior to creeping into the pellet dish and axially upward.  Since 
this model neglects the effect of porosity, the fuel immediately begins creeping axially.  
The fuel pellets characterized in the work were extremely high density 97-98%TD.  
Neglecting the effect of porosity is appropriate for this fuel since barely any pores exist 
for the fuel to creep into. If creep rates are sufficiently high, it is possible to observe the 
fuel creeping into the pellet dish within the BISON code.  
7.3 COMPARISON OF RESULTS: U3SI2 CREEP MODEL & NO-CREEP 
The 10-pellet rodlet problem was run using the U3Si2 creep model and compared 
to an identical case except where the creep model is exchanged for a purely elastic 
material model (to simulate zero creep).  In both cases, SiC cladding with the 
recommended Westinghouse gap width and clad thickness were used (see Section 7.1).   
Unless otherwise stated, the creep model uses the diffusion coefficients and activation 
energies determined through characterization of sintered pellets.   
Since the stress and strains in the fuel and clad are global variables, they vary 





describe these quantities, specific elements were selected.  The fifth pellet down from the 
top of the stack was examined; and the axial mid-plane of the pellet was used to 
determine the quantities associated with the fuel centerline, fuel periphery, and inner 
clad.  Displacement and temperature variables are nodal quantities, meaning they are 
computed at nodal points in the mesh.  The location of these axially centered elements 
and nodes are shown below for the inner fuel (centerline), outer fuel (periphery), and 
inner clad.  The leftmost figure shows the 10-pellet rodlet used in the simulation; the 5th 
pellet down is outlined.  The points/elements associated with the fuel centerline, fuel 
periphery, and inner clad for the 5th pellet are shown in the figures to the right. 
 
 
Figure 7.3: Location of elements and nodes used in plotting global and nodal variables 
over burnup.   
 
An enhanced view of the analyzed elements is shown in figure 7.4. The elements 





scheme in this chapter’s graphs.  The inner fuel is represented by blue, the outer fuel is 
green, and the inner clad is graphed as red. For nodal quantities, the bottom left node of 
each highlighted element was used (also shown above in Figure 7.3). 
 
 
Figure 7.4: Enhanced view of elements 
used in analysis. 
 
The radial displacement of the outer fuel surface and inner cladding surface are 
shown in Figure 7.5.  The sintering based creep model results are compared to a no-creep 
model (purely elastic material model).  The inner fuel does not experience any 
deformation since it is the center of the simulation.  The outer fuel surface expands due to 
thermal expansion at the outset of the simulation.  Following thermal expansion, 
densification causes the periphery of the pellet to move radially inward.  This behavior is 





MWD/MTU.  The fuel then begins to expand outward due to fuel swelling.  Comparing 
the creep and no-creep problems, it is apparent upon rise to power that the no-creep 
model expands more due to thermal expansion (~15 um more).  The creep of the fuel in 
the creep model simulation offsets some of this thermal expansion.  Another difference 
between the two models is observed in the displacement of the inner clad.  The change in 
the slope of the inner clad displacement (red lines) signals the onset of fuel-clad contact.  
Following contact, the clad expands outward due to fuel swelling.  Creep in the fuel 
postpones fuel-clad contact by 10,000 MWD/MTU.   
 
 
Figure 7.5: Displacement in the fuel (measured from node on outer diameter)  
& cladding (measured from node on inner surface of cladding).  
 
Figure 7.6 provides the temperature profile for the fuel and cladding for both the 
creep and no-creep problems.  The dashed lines show the no-creep model data, while the 





the blue curves, the outer fuel surface by the green lines, and the inner clad surface by the 
red lines.  The temperature of the inner surface of the cladding does not vary depending 
upon whether a fuel creep model is used. In both cases, the fuel cladding remains around 
640 K.  The inner fuel (blue lines) remains approximately 90 degrees hotter than the outer 
fuel (green lines) in both the creep and no-creep problems. Both the inner and outer fuel 
temperatures remain approximately 40 K higher in the creep problem, compared to no-
creep.   This is because the creep model maintains a larger fuel clad gap for longer 
compared to the no-creep model.   The fuel temperatures level out following contact, 
after contact the inner fuel is ~750 K and the outer fuel is ~660 K.   
 
 
Figure 7.6: Comparison of temperatures in the U3Si2 Creep and No-Creep  
Problems: temperatures given for the axial midpoint along the fuel centerline, fuel 








Figure 7.7: Fuel temperature in the creep model relative to 0.45 Tmelt.  
 
The von Mises stress at the inner fuel, outer fuel, and inner clad are shown in 
Figure 7.8 and provide a comparison between creep and no-creep models.  The 
magnitude of stress, von Mises stress, for the inner fuel is less in the creep model 
compared to the purely elastic, no-creep model.  Similarly, the von Mises stress in the 
inner clad is less in the creep model because as the fuel creeps axially, it relieves stress on 
the clad.   The stress in the inner clad begins building upon contact. The slopes of the 
creep and no creep models are essentially the same (for the inner clad von Mises), 
meaning that the creep model’s strain rate has a very small impact on the overall stress to 
the clad.  The only benefit gained by the creep model is that it postpones the moment of 





at the outer fuel when comparing the creep and no-creep models.  The reason for this is 
because the outer fuel is dominated by swelling strain (see Figure 7.16). 
 
 
Figure 7.8: Comparison of von Mises stress in the U3Si2 Creep and No-Creep  
Problems: stresses are measured at the axial midpoint along the fuel  
centerline, fuel outer surface, and interior surface of the cladding. 
 
Above 0.45Tmelt (872 K), the active creep mechanism depends upon the value of 
the von Mises stress relative to the Shear modulus of U3Si2 (σ/G).  Figure 7.9 is a log 
graph of the relative stress in the inner and outer fuel in the creep model. The value of the 
Shear modulus was determined through impulse excitation: 50 GPa.  If σ/G is less than 
10-4 (von Mises stress is below 5 MPa), then the creep mechanism is that of grain 
boundary diffusion (modeled by temperature dependent Coble creep).  If σ/G is greater 
than 10-4, then the creep mechanism is that of dislocation climb/glide (modeled by 





stress in the fuel, relative stress is plotted for both inner and outer fuel.  Since the log of 
relative stress is plotted, the y-axis value easily tells whether σ/G is above or below 10-4. 
It is clear that neither inner nor outer fuel have a relative stress below 10-4 (log σ/G< -4).  
This means that for the thermal creep regime, the fuel creeps through dislocation creep. 
Thus, the fuel never experiences low enough stresses to creep through grain boundary 
creep.  This fact is characteristic of the specific problem prescribed and could vary if 
power level, swelling strain, or fuel/clad geometry were augmented.   
 
Figure 7.9: Relative Stress (σ/G) in the fuel.  This value determines whether the fuel will 
creep through grain boundary or dislocation creep in the thermal creep regime.  
 
Stress within the 2D- axisymmetric problem is prescribed in the manner shown in 







Figure 7.10: Components of stress in the 2D-axisymmetric 




Figure 7.11: Comparison of radial stress in the U3Si2 Creep and No-Creep Problems: 
stresses are measured at the axial midpoint along the fuel centerline, fuel outer  
surface, and interior surface of the cladding. 
 
The magnitude of the radial stress in the fuel is positive (directed radially 





axially.  The radial stress becomes negative (directed inward) in the outer fuel upon 
contact. The magnitude of the radial stress is reduced in the outer fuel and inner clad if 
the creep model is used.  However, the magnitude of radial stress in the inner fuel is 
higher in the creep model.    
 
 
Figure 7.12: Comparison of axial stress in the U3Si2 Creep and No-Creep Problems: 
stresses are measured at the axial midpoint along the fuel centerline, fuel outer surface, 
and interior surface of the cladding. 
 
If there is a difference in the axial stress between the creep and no-creep 
problems, it is certainly negligible.  In Figure 7.12, the data for the no-creep problem 





The hoop stress in the fuel and cladding is one of the most significant metrics in 
fuel-clad assessment.  If the hoop stress exceeds the fracture stress in the fuel, the fuel 
will crack.  Similarly, if the hoop stress exceeds the fracture stress in the clad, the 
cladding can break.  The latter point is especially important in the case of SiC, a brittle 
ceramic cladding.  The hoop stresses measured at the axial midpoint along the fuel 
centerline, fuel periphery, and interior cladding surface are plotted in Figure 7.13.   
 
 
Figure 7.13: Comparison of hoop stress in the U3Si2 Creep and No-Creep Problems: 
stresses are measured at the axial midpoint along the fuel centerline, fuel outer surface, 
and interior surface of the cladding. 
  
When the hoop stress is positive, the fuel is in tension.  Similarly, when the hoop 





same manner. The hoop stress in the cladding takes off upon contact.  Again it is clear, 
that contact occurs about 10,000 MWD/MTU later if the creep model is used.  Similarly, 
the creep model reduces the hoop stress to the cladding by about 1GPa, as compared to 
the no-creep model.  The hoop stress to the inner fuel is less in the absence of creep.  
Conversely, the magnitude of the hoop stress in the outer fuel is reduced with the creep 
model.  To investigate the difference between the inner and outer fuel, the hoop stress 
across the pellet radius is plotted in Figure 7.15.  
 The radius of the pellet is divided into 11 radials segments in the problem.  The 
innermost element, fuel centerline, is labeled 0 in the graph; while the outermost element, 
the fuel periphery, is labeled 10 on the graph (See Figure 7.14 below).  
 
 





Figure 7.15 indicates that the inner fuel remains in tension following contact.  
However, the outer fuel elements go into compression prior to contact.  One would 
expect that the fuel would be in tension until contact and then go into compression 
following contact.  This is not observed because of the localized swelling model being 
used (see Figure 7.16). 
 
 







Figure 7.16: Swelling Strain at various positions across the fuel radius.   
 
Figure 7.16 shows the swelling strain is significantly higher at the outer periphery 
of the fuel compared to the inner fuel.  This is because the U3Si2 swelling strain model 
implemented in BISON is only a function of local burnup.  Since the problem has a radial 
power factor across the pellet radius, higher burnups are observed at the periphery, and in 
turn, higher swelling strains are observed. Figure 7.17 shows this behavior explicitly.  
The local burnup and swelling strain are plotted as a function of radial distance from the 
pellet centerline.  The point in time that this data corresponds to is for a volume-averaged 








Figure 7.17: Swelling strain across the pellet radius with the RPF removed.  
 
In the current model, a radial power factor (RPF) for UO2 is used in the absence 
of data unique to U3Si2. Neutronics calculations are currently underway at INL; 
preliminary results indicate that U3Si2 will have a slightly larger RPF than UO2 [Gleicher 
2016].  For initial modeling efforts, the UO2 RPF is a good approximation U3Si2.  Thus 
these localized effects could be enhanced if neutronics data for U3Si2 becomes available.  
It should also be noted that the swelling model for UO2 and other fuels is also a function 





radial power factor is removed from the model, the swelling strain becomes uniform 
across the radius of the pellet as shown in Figure 7.18.  
 
 
Figure 7.18: Swelling strain across the pellet radius with the RPF removed.  
 
In order to look at purely thermal effects and their impact on the creep model, the 











Figure 7.19: Hoop Stress in the creep problem in the absence of irradiation swelling.   
The data is plotted for various positions across the fuel radius.   
 
In this case, it is clear that the inner fuel is in tension prior to contact and the 
direction of the stress begins to reverse upon contact. Since the swelling model depends 
on local burnup and a radial power factor is used to prescribe localized burnup, the high 
swelling rates at the periphery put the outer fuel in compression as previously shown in 
Figure 7.15.  The current model is limited by the available data.  An updated irradiation-
driven swelling model would improve the U3Si2 model in BISON and should take into 
account the influence of temperature on fuel swelling. Development of such a model will 
require new irradiation testing of U3Si2 pellets.  To date, all irradiation data for U3Si2 has 





The hoop stress in the fuel should remain below the fracture stress of the fuel.  
U3Si2 specimens have been found to fracture at a stress of 226 MPa [Shimizu, 1965].  
U3Si2 reaches a hoop stress of 226 MPa prior to contact due to the high swelling in the 
fuel (See Figures 7.13 & 7.15).  It is possible that U3Si2 will crack in reactor. 
In the case of a brittle ceramic cladding, like SiC, it is extremely important that 
the cladding not experience hoop stress greater than its fracture stress.  SiC does not 
deform plastically and is unyielding in cases of fuel-cladding contact. In order to be 
viable, this sets the requirement that the U3Si2/SiC fuel systems avoid the high stresses 
characteristic of fuel-to-cladding hard contact, and certainly the fracture stress of the 
cladding!  Although SiCf/SiC composites have a higher reliability in fracture strength 
than monolithic SiC, they are still limited by microcracking of the SiC matrix. 
Microcracks in the matrix allow for fission gas release, which rescinds the hermeticity of 
the cladding. Using Weibull statistics, Kim determined that in order to maintain a fission 
gas release rate below 10-6, the applied stress on the composite cladding should be as low 
as 20 MPa [Kim, 2013 & Davies, 1973].   Referring to Figure 7.13, it is clear that the 
creep model relieves stress on the cladding as compared to the no-creep model.  
However, upon contact, the hoop stress on the cladding takes off rapidly.  In fact, the 
cladding reaches a hoop of 20 MPa, only moments after contact.   
These results should be considered preliminary since they are largely dependent 
upon a on a swelling material derived from extrapolated dispersion fuel data.  The SiC 
cladding modeled in this research is monolithic.  It’s possible that treatment of the 
individual layers envisioned for SiC/SiC composite clad will improve the properties of 





used and oriented in different directions between layers.  Modeling a composite SiC 
cladding in BISON is currently being investigated at the University of South Carolina.  
 The creep model developed from the sintering data provides extremely low creep 
rates.  While, this result is not unreasonable, future thermal creep testing of U3Si2 should 
be pursued in order to provide confirmation. The strong bonds in U3Si2 mean that thermal 
creep will not be observed until high temperatures out of reactor.  Creep experiments 
should be tested at temperatures between 1300-1500°C.  The low creep rates observed in 
modeling U3Si2, as determined through sintering data, are owed to the high number of 
second phase precipitates in the material.  These second phases in the fuel inhibit grain 
boundary motion during sintering and will similarly inhibit the motion of grain 
boundaries and dislocations when it comes to creep processes, as well.    
If the DFT-based values for Qgb, QL, Dgb, DL, and Dirr are used, a coarser mesh 
must be used.  The DFT-model introduces high creep strains, which cause problems with 
code convergence.  When the creep model utilizes the diffusion constants activation 
energies determined by [Noordhoek, 2016], the change in the point of contact is 
negligible compared to the results obtained using the sintering-based creep model.  
However, the lower activation energies used in the DFT based model result in higher 
creep rates in the pellet. Figure 7.20 provides a comparison of volume-averaged hoop 









Figure 7.20:  Volume-Averaged hoop Stress in the creep problem—comparison between 
DFT-based diffusion data and sintering-based diffusion data.  
 
 When DFT-based values for Qgb, QL, Dgb, DL, and Dirr are used in the creep 
model, the creep rate is much higher.  As a result, upon contact the fuel begins creeping 
up the fuel stack and immediately relieves the hoop stresses on the clad due to fuel 
swelling.  In fact, the fuel creeps axially so rapidly that it fills the plenum.  Again, it 
should be reiterated that this model is unrealistic since it utilizes activation energies on 
par with metals.  Additionally, the DFT model provides activation energy for Si 
interstitial diffusion in U3Si2 that is lower than that of Si in pure Silicon.  Given the 
strong covalent bonding in U3Si2, it doesn't make sense that it would be easier for Si to 
diffuse through it as compared to pure silicon.  This furthers the fact that the Noordhoek 
model is unrealistic.  At this point, the sintering-based model provides the most 





creep rate for U3Si2. While the creep model does not provide sufficient relaxation to the 
fuel and clad to make the fuel/clad system viable post-contact, it does postpone the time 
to contact.  The high stresses observed in the fuel and cladding are primarily due to the 
high swelling rate in the fuel.  An updated swelling model based upon irradiation of 
monolithic U3Si2 pellets is necessary in order to accurately qualify the fuel.  Additionally, 







ASSESSMENT OF U3SI2 
An assessment of U3Si2 as a light water reactor fuel is provided within this 
chapter.  The overall opinion draws upon the fuels thermochemical stability with 
cladding materials, its propensity for oxidation, its low specific heat and low melting 
temperature, brittle (fragile) nature, as well as its predicted in-reactor performance.  
Based upon its performance in these areas, it is the author’s opinion that U3Si2 is an 
undesirable candidate for use in light water reactors.  
8.1 THERMOCHEMICAL STABILITY OF U3SI2 WITH SIC, O2, AND OTHER 
MATERIALS 
FactSage 6.4 was used to determine the chemical compatibility of U3Si2 with SiC 
and O2, as well as other materials required for high temperature testing.  FactSage is a 
fully integrated chemical thermodynamics database computing system and consists of a 
series of information, database, calculation, and manipulation modules that access pure 
substance and solution databases [Bale, 2001].  The databases included within FactSage 
contain thermodynamic data for thousands of compounds and optimized databases for 
hundreds of solutions of metals, liquid and solid oxide solutions, molten and solid salt 






additional database, TD NUCLEA, which contains a number of compounds of reactor 
materials and fission products. To assess the compatibility of U3Si2 with other materials, 
the FactSage Equilib module was used with the TD NUCLEA database.  The Equilib 
module uses the principle of Gibbs energy minimization to calculate the concentrations of 
chemical species when specified elements or compounds react to reach a state of 
equilibrium.   
During the characterization portion of this research, it was realized that of U3Si2 is 
pyrophoric in air.  Oxidation tests on U3Si2 have been performed at LANL in synthetic air 
(full description in Section 2.1.5).  It was found that U3Si2 oxidizes at temperatures as low 
as 300°C, a temperature lower than both UN and UO2.  Additionally, separate 
thermogravimetric tests required the use a gettered argon gas (PO2 < 10-16 atm) to prevent 
oxidation.  Even ultra-high purity (UHP) argon (PO2 ≈ 10-6 atm) was found to quickly 
oxidize U3Si2, even at moderate temperatures.    Testing at elevated temperatures, as is 
required for future creep testing, will require an extremely low partial pressure of oxygen 
in order to prevent severe degradation of the fuel.  Additionally, the extended testing 
periods required for creep testing necessitates special attention be given to atmosphere 
controls since the extended testing time provides enough time for even slow oxidation 
kinetics to proceed and degrade the fuel.   FactSage equilibrium calculations for U3Si2 
and O2, indicate that the fuel will form USi and UO2 over temperatures from 300 K to 
1400 K.  The reaction is exothermic and increasingly so at higher temperatures. While the 
equilibrium calculations do not speak to the kinetics of oxidation, the results of oxidation 





temperatures. Ken McClellan (LANL) has recommended using a controlled atmosphere 
for future creep testing and recommends maintaining O2 content below 10-10 ppm. 
To assess the compatibility of U3Si2 with SiC, both compositions were supplied as 
reactant compounds within FactSage.  FactSage calculates their equilibrium 
concentrations over the range of temperatures from 600 °C to 1500 °C.  The results of the 
FactSage calculations indicate that U3Si2 fuel and SiC cladding will interact if they come 
in contact.  At 600 °C, U3Si2 and SiC react to form U2C3 and U3Si5.  Over the 
temperature range from 700 °C to 1500 °C, U3Si2 and SiC react to form U2C3, U3Si5, and 
U49Si51.  In addition to the issue of pellet cladding mechanical interaction and its 
associated risk of cracking the SiC cladding, a chemical reaction between the pellet and 
cladding further demonstrates why it is necessary that contact be avoided in the 
U3Si2/SiC system.  It should be reiterated that this compatibility assessment was 
performed for equilibrium conditions and says nothing about the kinetics of the reaction. 
If the kinetics of the reaction are sufficiently slow its possible that U3Si2 would not react 
with SiC to form a Uranium Carbide phase.  That being said, the issue of clad cracking 
during contact remains an issue with no remedy aside from the avoidance of fuel-clad 
contact.  
Future high temperature testing of U3Si2 would require compatibility between the 
fuel samples and testing components.  To evaluate viable material options, FactSage 
equilibrium calculations were performed on U3Si2 in combination with other materials.  It 
was determined that Al2O3, Zr, SiC, Ni, Ti, Fe, Nb, Cr, and Al react with U3Si2 over the 
temperature range from 800°C to 1600°C. This prevents the use of zirconium carbide, 





the materials are in contact at high temperature (fixtures for creep testing, etc.). W, Pt, 
Ag, Au, Cu, and Zn did not react with U3Si2 in FactSage equilibrium calculations over the 
temperature range from 800°C to 1600°C.  The low melting temperature of some of the 
materials precludes their use in high temperature testing. For creep testing, where fuel 
samples must contact a test fixture or push rod and remain at elevated temperatures for 
extended periods of time, the only viable candidate is tungsten.   Additionally, given that 
current calculations predict a reaction between U3Si2 and both SiC and Zirconium, its 
possible, that a tungsten cladding liner would be required for use in commercial light 
water reactor applications regardless of whether SiC or Zr-based cladding is used. 
8.2 DECAY HEAT LEADING TO INCREASE IN FUEL TEMPERATURE 
CALCULATION  
 
A calculation has been performed to determine the temperature increase due to 
decay heat alone in the event of a LOCA.  The results for U3Si2 have been compared with 
those of UO2 in this scenario.  Zr-4 cladding was used in both calculations and an 
additional calculation was performed for the U3Si2/SiC system.  The results of Porter and 
Raynaud show that for a Westinghouse 4 loop PWR, experiencing a LOCA, it takes 
approximately 300 seconds to cool the fuel to 400K with the start of the emergency core 
cooling system [Raynaud, 2014].  A preliminary calculation was performed to compare 
the respective fuel temperature increase in U3Si2 and UO2 on decay heat alone in the 
noted 300-seconds. 





Magdi Ragheb uses the mean energies of beta and gamma particles and their 
emission rates to determine the total decay power following shutdown. The expression 
for the total decay heat power following shutdown is given by: 
𝑃 𝑡 = 6.48  ×  10!!𝑃! 𝑡!!.! − 𝑡 + 𝑇! !!.!   where power is in MWth, t is the 
time after shutdown in days, and To is the time the reactor operated in days [Ragheb, 
2014].  The total energy released after shutdown due to decay heat of fission products is 
given by the integral of decay power: 
𝐸 𝑡 = 𝑃 𝑡 𝑑𝑡!! . 
The integration yields: 
𝐸 𝑡 = 8.1  ×  10!!𝑃![𝑡!.! − 𝑡 − 𝑇! !.! + 𝑇!!.!, where energy is given in 
MWthday.   
In this calculation, heat removal was neglected and the reactor was assumed to 
have operated for one year.  Multiplying the linear power over the length of the rodlet, 
11.9 cm, yields a power of 2380W. This value is used for the term of Po in the decay 
energy equation.  In this comparison, To, operating time is given as 365 days.  
Additionally, by substituting 300 seconds for the value of t, it was possible to solve for 
the decay energy generated over the time period before complete fuel cooling.  This value 
was found to be 16,527 J.  
By setting the decay energy equal to the thermal energy, it is possible to solve for 
the increase in fuel temperature due to decay energy.  
∆𝑇 = !!"#$%
!∙!!
  (m = fuel mass & Cp is specific heat) 
The values for fuel operating temperatures were taken from BISON simulations.  





W/cm linear power.  The BISON simulations performed on UO2 and U3Si2 with a Zr-4 
cladding used typical dimensions of fuel-cladding (80 µm gap, clad thickness of 0.56 
mm), while the SiC case used a larger gap (120 µm) and clad thickness (0.75mm) as 
described in Section 7.1 and Table 7.1. 
For the analysis, the LOCA event was assumed to occur at the point when fuel 
was at its maximum volume-average temperature.  A volume average is the average 
temperature across the inner and outer fuel regions.   This value was also used to 
determine the heat capacity for the fuel at temperature.  For UO2/Zr4, the maximum 
volume-average fuel temperature was 1124 K; for U3Si2/Zr4, the maximum volume-
average fuel temperature was 858 K; and for U3Si2/SiC, the maximum volume-average 
fuel temperature was 994 K.  These results should be considered preliminary since they 
do not take into account the fuel’s heat transfer ability.  This is purely an assessment 
calculation to compare UO2 performance to that of U3Si2.  In scenario decay heat is 
transferred to thermal heat within the fuel and the associated rise in fuel temperature is 
calculated.   The specific heat model for UO2 was taken from [Fink, 2000] and the 
specific heat model for U3Si2 was taken from [White, 2015].  The analysis assumes a 
95% TD fuel pellet.  The analysis is summarized in the following in Table 8.1. 
Table 8.1 indicates that U3Si2 fuel in the event of a LOCA.  Again it must be 
reiterated that this analysis does not take into account heat transfer from the fuel, but 
rather provides a comparison case between UO2 and U3Si2 for a case in which the decay 
heat resulting from a LOCA is converted to thermal energy (i.e. no heat transferred). This 
analysis also assumes that the coolant is restored within 300 seconds.  Even if the fuel 





performs far worse.  Regardless of whether the SiC or Zr4 cladding is used, U3Si2, 
experiences a temperature increase which would result in the fuel melting.  The reason 
that UO2 out performs U3Si2 is due to its lower heat capacity.  In addition to a higher 
melting temperature, a high heat capacity is suitable for a fuel under an accident scenario.  
Since heat capacity is a measure of the amount of energy required to raise the 
temperature of a material, a higher heat capacity in the fuel would mean that for the same 
amount of decay energy, the fuel would experience less of an increase in temperature---
assuming all decay heat is retained in the fuel. U3Si2’s lower heat capacity means that the 
fuel temperature will increase more than UO2 for the same amount of energy.  U3Si2 does 
have superior thermal conductivity compared to UO2.  The excellent heat transfer of 
U3Si2 would improve the outcome of this analysis; however, the margin to melting is still 
low for U3Si2 and does accommodate much stored energy. 
Table 8.1:  Temperature rise assuming all decay heat is transferred to thermal energy  














Tmelt	   Margin	  to	  Melt	  
UO2-­‐Zr4	   1124	  K	   313.41	   806	  °	   1930	  K	   3073	  K	   870°	  
U3Si2-­‐Zr4	   858	  K	   211.02	   1074°	   1932	  K	   1938	  K	   Melts*	  
U3Si2-­‐SiC	   994	  K	  	   215.68	   1052	  °	   2045	  K	   1938	  K	   Melts	  	  
UO2-­‐SiC	   Not	  Applicable	  because	  SiC	  will	  fail	  due	  to	  melting	  prior	  to	  the	  
fuel.	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Tmelt(SiC)=3003K	  	  	  vs.	  	  Tmelt(UO2)=3073	  K	  
*Fuel centerline would already be molten by the time the volume average temperature 





8.3 RIA SIMULATIONS FOR U3SI2 
Researchers at INL have simulated a reactivity- initiated accident (RIA) for U3Si2 
using the BISON fuel performance code.  The analysis is considered preliminary and has 
not yet been published.  The following results are taken from a research presentation 
provided at the University of South Carolina by Kyle Gamble [Gamble, 2016]. The 
analysis is based upon case 3 of the OECD RIA benchmark for UO2 systems [OECD, 
2013].  The simulation is performed on fresh fuel; the RIA begins at t=100 s of a 200 
second simulation and lasts for 60 ms. A power pulse injects approximately 127 cal/g of 
energy into the fuel, less than half the NRC limit of 280 cal/g for UO2.  The analysis was 
performed on U3Si2 fuel with FeCrAl cladding, rather than SiC because FeCrAl is being 
investigated by the Accident Tolerant Fuels (ATF) campaign as a part of its prescribed 
high impact problem.  The results indicate that the fuel centerline temperature exceeds 
the melting temperature for the case of U3Si2 (See Figure 8.1).  On the figure, the solid 
black line provides the melting temperature of U3Si2, 1938 K.   
The associated hoop strain on the cladding is also evident as soon as the power 
pulse is applied.  Figure 8.2 shows the total hoop strain (%) as a function of time (pulse 
occurs at 100s). The strain to the cladding shows the need for temperature dependent 
elasticity in a cladding material.  While FeCrAl cladding may be able to support such a 
strain to the cladding, a brittle clad like SiC would likely fair far worse.  Future analysis 








Figure 8.1: Centerline temperature of U3Si2 fuel as a function of time (pulse of power 
applied at 100 s).  
 
It should be noted that for the same power pulse, UO2 with a Zircaloy cladding 
was successful.  The fuel centerline reached approximately 2200K; however, this 
temperature is well below the melting temperature of UO2 (3138 K).    Additionally, in 
the UO2 problem, the hoop strain in the FeCrAl cladding is ~0.6 % less than in the U3Si2-
FeCrAl case.  Future work at INL will focus on setting up baseline models for other 
accident simulations like: LOCA, station blackouts, and RIA including fuel power 
history.  Additionally, INL is investigating the sensitivity of the accident analysis by 
looking at the influence of RIA peak pulse and power width.  Efforts are also underway 































Figure 8.2:  Total hoop strain (%) in the FeCrAl Cladding as a function of time resulting 
from a pulse of power applied at 100 seconds.  
8.4 FABRICATION AND HANDLING CONCERNS 
U3Si2 presents a number of challenges in terms of fabrication, handling, and 
shipment.  Given both the pyrophoric nature and its propensity for oxidation, fabrication 
of U3Si2 must take place in a glovebox.  This is a costly process, increasingly so if scaled 
up for commercial operations.   In terms of handling, a number of the samples that were 
shipped to USC from INL were cracked or fractured during shipment. The fact that these 
samples were wrapped individually in bubble wrap and had additional cushioning in the 

























excitation testing of a U3Si2 tile, a chip of the sample broke off.  The impulses delivered 
in test, while manual, were extremely light.  It is possible that a crack was already present 
in the sample prior to impact testing.  However, the results of mechanical indentation 
testing on U3Si2 pellets reveal that the fuel fractures in a brittle manner and with little 
regard to grain boundaries or second phases.  Cracks were observed to traverse directly 
across grains and second phases. Thus, crack propagation is not crystallographic but 
purely stress related.  Griffith’s crack theory states that a crack will propagate whenever 
it is easier to do so compared to forming a dislocation.  In U3Si2, the surface energy from 
fracture is low in proportion to that required for creating a dislocation.  The ease with 
which U3Si2 cracks is a significant barrier to handling and transportation.  Loading pellets 
in the cladding will need to be done with care because if the fuel fractures from light 
manual tapping, it will likely also crack or fracture during the assembly of fuel rods and 
assemblies.  If a surface of a pellet were to break off away from the fuel pellet stack, the 
missing pellet surface would lead to high local temperatures and stresses within the fuel 
rod.  In terms of handling and fabrication, U3Si2 not a forgiving fuel.  Extreme care will 
have to be exercised in both the production and shipment of U3Si2 fuel rods.  This care 
will translate to higher fuel costs, which may or may not be outweighed by the possibility 
of higher burnups afforded by the fuel.  
8.5 IN-REACTOR PERFORMANCE CONSIDERATIONS 
The irradiation behavior of U3Si2 in commercial reactor fuel does not exist and 
thus any experience is limited to dispersion plate fuels in research reactors.  As such, the 
available swelling data is for either low temperature (<100°C) and high burnup (~140 





Snelgrove, 1987].  The current swelling model derived from the volume swelling of fuel 
particles in dispersion and is a function of only burnup.  A more accurate model should 
require dependencies upon both temperature and burnup.  The creep model developed 
within this research is based upon microstructural analysis of sintered pellets. Additional 
homologous relationships with other fuels were required to develop both thermal and 
athermal creep regimes.  Currently, the swelling model predicts extremely high swelling 
rates in the fuel. However, the creep model predicts slow creep rates---insufficient to 
relieve stress to the cladding, if a brittle SiC clad is used.  The current models of creep 
and swelling indicated that both fuel and cladding would fracture shortly after hard 
contact is made (assumes microcracks in SiC at 20 MPa and fuel fractures around 250 
MPa; See figure 7.13).  
The thermal properties of the fuel are more understood as a result of recent work 
at Los Alamos National Laboratory [White, 2015].  While the fuel’s thermal conductivity 
improves with temperature, irradiation influence remains unknown. Increasing porosity 
with burnup will decrease the thermal conductivity.  Additionally, while the fuel may 
have excellent heat transfer capabilities, if the fuel were unable to transfer heat, the low 
heat capacity in the fuel will cause the fuel’s temperature to rise substantially (See section 
8.2). U3Si2 also has a lower margin to melting relative to its operating temperature 
compared when compared to UO2.   
The amorphization behavior of U3Si2 also needs to be understood. The 
amorphization does not result in long-range distortion but rather only results in 
deformation of the lattice.  However, researchers at LANL have proposed that this lattice 





2015].   The crystal structure will also change as the Uranium content decreases during 
burnup.  As the Uranium fissions, more and more Silicon will be present in the fuel. 
Figure 8.2 below shows how the original U/Si ratio in U3Si2 (1.5) changes as Uranium in 
the fuel is fissioned. 
This silicon will come out as second phases in the fuel since U3Si2 is a strongly 
bonded line compound and does not accommodate impurities in its crystal.  The 
additional second phase precipitates pin the motion of grain boundaries and dislocations 
in the fuel and will reduce the creep rate.  Second phases in U3Si2 should be avoided since 
most have melting temperatures below that of the fuel (USi Tmelt=1560°C, U3Si Tmelt 










8.6 SUGGESTED FUTURE WORK 
Fuel performance simulations rely heavily on outdated and unreliable fuel 
swelling data.  Recent thermal analysis of the fuel has confirmed that it does indeed have 
a high thermal conductivity, which improves with temperature [White, 2015].  However, 
the swelling rate currently predicted from particle fuel in dispersion is extremely high and 
needs to be revisited in irradiation experiments.   The creep model developed in this 
research provides extremely low creep rates for U3Si2, insufficient to offset high rates of 
fuel swelling and relieve high stresses to the SiC cladding.  U3Si2 is currently being 
irradiated at the Advanced Test Reactor (ATR) at INL.  The post irradiation examination 
(PIE) should include dimensional change and porosity characterization in order to 
develop an updated swelling model.  It is imperative that the swelling behavior of U3Si2 
be understood.  A well-designed swelling model should be dependent upon both 
temperature and burnup.  While the current tests in ATR may not be able to provide both 
temperature and burnup dependent swelling, an attempt needs to be made to obtain this 
data near term.  A high swelling rate in combination with a brittle cladding (SiC) is a 
recipe for disaster.  The PIE work should also look at amorphization of U3Si.  As the fuel 
becomes amorphous it ability to retain fission gas could increase, which would lead to 
increased fuel swelling.  
Thermal creep testing is planned for U3Si2 at the University of South Carolina by 
means of compressive creep tests.  These results are needed to confirm the creep model 
developed utilizing post sintering microstructural examination.  Given the strong bonding 
in U3Si2, creep tests should be performed at a high temperature 1300°C -1600°C.  Given 
the fuel’s propensity for oxidation, strict atmospheric controls must be used to ensure that 





5-6%H in Ar could be used.  However, it is important to make sure that U3Si2 does not a 
hydride at the temperature of the creep tests.   
The literature could also benefit from an updated crystallographic database for 
U3Si2.  Zachariasen provides the only XRD data for U3Si2 (published in 1949).  
Noordhoek’s DFT calculations suggest that the U3Si2 is not thermochemically stable and 
that the true structure of the material is actually USi with impurities [Noordhoek, 2016].  
This information conflicts other DFT analysis performed at LANL [Andersson, 2015].  
This discrepancy should be reconciled and could be done so through additional 
crystallographic examination of single crystal specimens.  These of course present 
fabrication challenges, but would substantially improve the understanding of this material 
from a crystallographic perspective.   
Much of the motivation for U3Si2 comes from a desire to replace Zircaloy 
cladding with SiC.  The shift from Zircaloy to SiC/SiC introduces a neutron penalty; a 
fuel with higher uranium loading could compensate for this effect.  As a result, industry 
and research groups alike have focused their attention to U3Si2.  However, if U3Si2 swells 
at as great as is predicted by current models, a ceramic cladding will be damaged upon 
fuel-clad contact.  Additionally, with the low creep rates currently predicted for U3Si2 
through post-sintering microstructural examination, the fuel will not creep enough to 
relieve stress to the clad during contact.  The current models for SiC within the BISON 
fuel performance code are for monolithic SiC.  A more accurate prediction of the 
cladding’s performance could be obtained if actual multilayer composite SiC cladding 
were modeled within an FEM fuel performance code (BISON).  It would not be 





within the SiC cladding.  The strength of the SiC layers is directionally dependent and 
will vary between layers.  This behavior should be captured within BISON and may show 
that SiC is capable of higher stresses.  This effort is currently being investigated at the 
University of South Carolina. 
There are still unknowns concerning the irradiation behavior of U3Si2.  Both the 
creep and swelling models for U3Si2 should be considered preliminary.  However, for the 
current models, swelling strains will outweigh creep strains, in terms of relieving stress to 
the cladding.  The use of a brittle ceramic cladding seems counterintuitive when talking 
about improved accident tolerance.  A ceramic cladding like SiC has a very low margin 
to fracture and will not creep to accommodate fuel-swelling strains.  At this point, if this 
fuel system is pursued it should be done so for performance benefits rather than accident 
tolerance.  Unless irradiation experiments provide performance-improved models for fuel 
swelling and creep, the analysis contained herein does not suggest that U3Si2/SiC will 
outperform UO2/Zr4 in an accident. Scale up to commercial fuel will be extremely costly 
for U3Si2.  Fabrication will require the use of gloveboxes and extreme care will have to 
be taken in both handling and shipment to avoid fuel fracture.  A cost analysis should be 
performed taking the added fabrication and handling costs.  Due to the higher uranium 
loading, the fuel is capable of achieving higher burnups, which will improve the 
economics of the fuel.  However, the fuel can only be used up until the point of is still 









Much of the motivation for U3Si2 comes from a desire to replace Zircaloy 
cladding with SiC due to improved oxidation resistance (i.e. enhanced accident 
tolerance).  However, the shift from Zircaloy to SiC/SiC introduces a neutron penalty.  A 
fuel with higher uranium loading can compensate for this effect and as a result, industry 
and research groups alike have focused their attention to U3Si2.  This body of research 
was comprised of both experimental and modeling components with an ultimate goal of 
analyzing U3Si2 fuel under light water reactor conditions.  Thermal and swelling material 
property models were developed using relationships available in the literature.  Post-
sintering grain size data allowed for the determination of grain boundary activation 
energy and diffusion coefficients. This was extended to lattice and irradiation enhanced 
diffusion in order to develop a model for U3Si2 creep over thermal and irradiation creep 
regimes.  The thermal and elastic properties, swelling strain model, and creep strain rate 
model were implemented into the BISON fuel performance code in order to assess the 
performance of U3Si2 with a SiC ceramic cladding. 
Microstructural examination of U3Si2 pellets shows a high number of second 
phases (both oxide and silicide) in the fuel.  These impurities inhibit grain boundary and 
dislocation motion.  This is reflected in the high activation energies determined through 





fission, excess silicon will precipitate out of the fuel in the form of second phases because 
U3Si2 does not accommodate impurities within its crystal. These second phases pin 
dislocations and grain boundaries such that the creep rate is reduced. Relative to a purely 
elastic deformation model, the fuel creep model relieves stress in the SiC cladding and 
postpones the moment of fuel-clad contact. However, the stress reduction to the cladding 
is minimal because the fuel creep rate is low while the fuel swelling rate is high.  
Additional irradiation data is needed to confirm the current swelling model.  If U3Si2 does 
indeed swell at the rates predicted by the current model based upon dispersion fuel 
swelling, then hard contact must be avoided if the fuel is to be used with a ceramic 
cladding like SiC. 
U3Si2 rapidly oxidizes at even modest temperatures. During preparation of one of 
the U3Si2 fuel pellets for powder XRD, the fuel reacted violently with the air, revealing it 
is also pyrophoric. The oxidation behavior and pyrophoric nature of the fuel will require 
that all fabrication processes be performed in gloveboxes with strict atmospheric controls. 
A number of the samples sent to the University of South Carolina from INL fractured 
during shipment.  A chip of a tile sample broke off during impulse excitation testing after 
being exposed to extremely soft impulses. Examination of crack patterns from Vickers 
indentation testing in the fuel revealed that cracks propagate due to stress rather than 
crystallography.   That is, cracks traverse both grain boundaries and second phases 
without change of direction. This reveals that U3Si2 has a low surface energy for cracking 
in proportion to that required for forming a dislocation.  Thus, the fuel is extremely brittle 
and will pose challenges in terms of both handling and shipment, if pursued for 





Relative to the UO2-Zircaloy fuel system, U3Si2-SiC has less margin to fuel 
melting relative to the operating temperature of the fuel.  While U3Si2 does offer 
improved thermal conductivity, it also has a lower heat capacity than UO2. This means 
that for a given value of introduced to the fuel (decay heat, etc.), the temperature rise in 
U3Si2 fuel temperature will be greater. This result was observed in a preliminary stored 
RIA simulation at INL.  In this proposed accident scenario, the U3Si2 fuel melted.    
The creep and swelling models developed in this research are preliminary.  The 
swelling model is based upon experimental data with U3Si2 dispersion fuel.  Additionally, 
the model is only a function of burnup, and neglects temperature dependence.  Irradiation 
testing of monolithic U3Si2 pellets is needed in order to develop a more accurate fuel 
swelling model.  Additionally, fission gas behavior in the fuel should be examined 
through irradiation testing in order to describe fission gas release and retention behavior 
in the fuel.  The creep model relies heavily upon material trends in the literature and uses 
activation energies determined from microstructural examination of post-sintering grain 
size. Given the number of second phases observed in the fuel samples, this methodology 
results in high activation energies for diffusion in U3Si2. This in turn results in the 
prediction of low creep rates during BISON simulations.  Thermal compressive creep 
testing is planned at the University of South Carolina.  This will provide experimental 
data to either confirm or disprove the presumed mechanisms for creep in U3Si2.  Future 
fuel performance modeling should take into account the composite nature of proposed 
SiC claddings.  Multi-layer SiC woven cladding provides improved mechanical 





Temperature and burnup dependent models for SiC material properties should also be 
implemented into BISON to provide a more robust model for the cladding.    
Although creep and swelling models developed should be considered preliminary, 
the results suggest that the U3Si2-SiC does not provide improved accident tolerance when 
compared to the UO2-Zircaloy system.  In fact, results obtained using the current material 
models suggest that if the U3Si2-SiC system is to be viable commercially, fuel-clad 
contact must be avoided.  It is possible that future experiments will provide performance-
improved swelling and creep models for the U3Si2-SiC system. However, it is unlikely 
that these will provide such significant improvements that the U3Si2-SiC fuel system can 
be considered “accident tolerant.”  If the U3Si2-SiC fuel-cladding system is pursued, the 
motivation should be improved economics, rather than a desire to prove the fuel provides 
significant improvements to accident tolerance.  A brittle fuel with high swelling rates in 
combination with an unyielding ceramic cladding is not a perfect fuel-cladding system.   
While a cost analysis of U3Si2 as a commercial fuel has likely been performed by industry 
professionals, it is important that the analysis take into account the added costs associated 
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APPENDIX B: U3SI2 GBE USING HOMOLOGOUS RELATIONSHIPS 
 
Figure B.1:Grain boundary energy as function of  
melting temperature 
Table B.1: Grain boundary energies and melting temperatures  
for various materials 
  Tmelt (K) 
GB Energy 
(mJ/m2) Reference 
Sn 505 164 Murr, 1968 
Al 933 324 Murr, 1969 
Ag 1234 375 Murr, 1970 
Au 1336 378 Murr, 1971 
Cu 1357 625 Murr, 1972 
δ-Fe 1809 468 Murr, 1973 
Pt 2042 660 Murr, 1974 
W 3680 1080 Murr, 1975 
UO2 3138 450 Maiya, 1974 





When the melting temperature for U3Si2 is plugged into the linear equation in the 


















APPENDIX C: APPLICATION OF GRAIN GROWTH LAW TO UO2 EXAMPLE 
 
Experimental grain growth data for UO2 was taken from [Glodeanu, 1987].  The 
data was applied to the grain growth model below so that grain boundary diffusion 






Table C.1: Values used in grain growth equation 
Variable Value used in Calculation 
d Final average grain size See Table A.6.2 
do Initial grain size See Table A.6.2 
δ Grain boundary width Approximated 1nm  *see [Veshchunov, 2005] 
R Gas constant 8.314462 J/(mol*K) 
T Sintering temperature See Table A.6.2 
Ω Molar volume  24.5x10-6 m3/mol 
γgb Grain boundary energy 0.3 J/m2 
t Sintering time See Table A.6.2 
Qgb Grain boundary 
activation energy  
6.088E-19 J (3.8 eV) 
  
The term Dgb is an exponential depending upon the activation energy for grain 





The sintering data summarized in Table A.6.2 has been used to determine Dgb at the 












Table C.2: Grain Growth Data for UO2 [Glodeanu, 1987] 
T (K) Time (sec) do (µm) d (µm) Diffusion 
coefficient 
at T (m2/s) 
Do (m2/s) 
1873 36000 6.7 8.5 8.05E-16 1.35E-05 
1873 86400 6.7 8.2 2.74E-16 4.60E-06 
1873 180000 6.7 10 3.24E-16 5.44E-06 
1873 360000 6.7 10.4 1.86E-16 3.13E-06 
1873 720000 6.7 13 1.83E-16 3.07E-06 
1873 1080000 6.7 15.8 2.01E-16 3.37E-06 
1973 10800 6.7 8.5 2.83E-15 1.44E-05 
1973 36000 6.7 10.5 2.03E-15 1.03E-05 
1973 86400 6.7 12.7 1.50E-15 7.65E-06 
1973 180000 6.7 15 1.12E-15 5.68E-06 
1973 360000 6.7 15.7 6.25E-16 3.18E-06 
1973 1080000 6.7 22 4.54E-16 2.31E-06 
2073 10800 6.7 10.9 8.03E-15 1.39E-05 
2073 36000 6.7 13.7 4.65E-15 8.05E-06 
2073 86400 6.7 15 2.44E-15 4.23E-06 
2073 180000 6.7 19 2.06E-15 3.57E-06 
2073 360000 6.7 23 1.58E-15 2.73E-06 
2073 720000 6.7 28.8 1.28E-15 2.21E-06 
 
The average value for Do is 6.19x10-6 m2/s; therefore, the general grain boundary 
diffusion equation in UO2 is 𝐷!" = 6.19x10!!   exp −6.08×10
!!"
𝑅𝑇 . This value 
compares well to the grain boundary diffusion coefficient equation by Veshchunov.  
Veshchunov’s equation is:  𝐷!" = 4x10!!   exp −6.08×10
!!"
𝑅𝑇  [Veshchunov, 2005]. 
The agreement in the two equations, which were developed using different data, shows 
confirms that the method of using grain growth to determine Do for Dgb is valid.  
 
